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ABSTRACT 
The topic of integral abutment bridges has been of interest for the Iowa Department of 
Transportation for the past few decades. One specific bridge design implementing an integral 
abutment supported on HP-steel piles embedded in concrete drilled shafts was utilized on the 9th 
Street Bridge in Des Moines, Iowa and is the topic of this study. The primary objective of this 
study was to monitor the bridge behavior over a two year period in order to better understand the 
bridge behavior. In order to satisfy the objectives of this study, a literature review was 
performed, a monitoring system was developed and installed on the bridge, bimonthly surveying 
of the bridge occurred in order to track bridge movements, and data obtained during monitoring 
of the bridge was analyzed. From the results obtained from the bridge monitoring system and 
surveying, the following general conclusions were made: The bridge expanded and contracted 
around one point as expected with seasons, but did not appear to move in one specific direction; 
Surveying as a bridge monitoring technique was a comparable method to the more traditional 
method of displacement meters; The incremental axial strain in the steel piles showed a trend 
with temperature relative to pile location (i.e. internal versus external pile location) which was 
analyzed by modeling an abutment temperature gradient using a commercial software program; 
The equivalent cantilever method of steel pile analysis was verified by the steel pile incremental 
bending strains; The measured strains in the drilled shafts indicated no problems in the shafts; 
The south abutment wall appeared to tilt in a cycle related to bridge thermal movements, while 
the adjacent south abutment MSE wall rotated continually in the north direction (i.e. towards the 
road) with a superimposed cycle of tilt related to the bridge thermal movements. 
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1 OVERVIEW 
1.1  Background 
The 9th Street Bridge over I-235 in Des Moines, Iowa is the first bridge in the state of Iowa that 
utilizes a unique integral abutment design. The integral abutments are supported on steel HP-
shape piles that are embedded into reinforced-concrete, drilled shafts that were cast into glacial 
clay. This unique design was developed to address vibration concerns resulting from pile driving, 
while at the same time, providing a long lasting structure in the form of a jointless bridge. An 
error occurred during construction of the abutments, a slightly smaller size of pile was installed 
on the north abutment. The design team had to deal with two design limitations: 
• Integral abutments in a jointless bridge need to be supported on flexible steel piles in 
order to accommodate thermally induced bridge movements. Pile driving was 
prohibited due to concerns over potential damage to historical properties from 
vibrations. An innovative solution was to use drilled shafts as the load transfer 
component that eliminated the need for pile driving. 
• Traditionally in Iowa, concrete drilled shafts are seated into bedrock. At this site, 
bedrock is at too great of a depth to be used as the supporting strata for the abutments. 
Therefore, drilled shafts were terminated in glacial clay. 
 
1.2 Scope, Objectives, and Tasks 
Although the combined use of concrete drilled shafts and steel HP-shape piles is promising, it is 
new in Iowa and would not likely become a common option unless testing and monitoring are 
performed to validate design and behavior assumptions.  The scope for the work summarized 
herein for the 9th Street Bridge was conceived as a collaborative effort among the Offices of 
Construction, Design, Bridges and Structures of the Iowa Department of Transportation (Iowa 
DOT), and the Federal Highway Administration (FHWA) with the following objectives: 
1. Determine load transfer between bridge substructure and supporting materials in an 
2 
 
integral abutment bridge supported by HP-shape steel piles embedded in reinforced-
concrete, drilled shafts. 
2. Evaluate the effects that different integral abutment widths for this bridge have on 
thermally-induced movements. 
3. Assess lateral load transfer between this bridge’s abutment piling and Mechanically 
Stabilized Earth (MSE) walls. 
 
In addition to the objectives mentioned previously, the following additional objectives were 
established for this thesis: 
1. Assess the effect of an assumed concrete coefficient of thermal expansion on the 
incremental axial strain measured in the concrete drilled shafts. 
2. Evaluate the effects of a bridge abutment temperature gradient on the supported HP-
shape steel piles. 
 
To accomplish these objectives, efforts by the research team were organized into the following 
general tasks: 
1. Conduct a literature review that focuses on the use of concrete drilled shafts for 
integral abutment bridges. 
2. Establish a bridge monitoring program to measure longitudinal and transverse bridge 
displacements, steel pile strain, and concrete drilled shaft strain. 
3. Monitor this integral abutment bridge using the bridge monitoring program to 
evaluate its response to temperature changes. 
4. Interpret field monitoring data. 
5. Present the research findings in a formal report.  
 
1.3 Thesis Organization 
This first chapter of the thesis described the background of the project, as well as the project 
scope, objectives and tasks. Chapter 2 presents the results of a literature review that addressed 
three subjects: integral abutment foundations, integral abutment bridges supported on HP-steel 
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piles, and integral abutment bridges supported on concrete drilled shafts. Chapter 3 provides a 
description of the bridge and the bridge monitoring program. Results of the bridge monitoring 
program are discussed and presented in Chapter 4. Finally, Chapter 5 summarizes the entire 
project and presents results and conclusions from this study and proposes topics for future study. 
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2 LITERATURE REVIEW AND CURRENT PRACTICE 
2.1  Integral Abutment Bridge Foundations 
The design of integral abutment bridges has evolved over the past several decades and has been 
studied and reported on by many. One of the major design elements of the integral abutment is 
the foundation. In 2005, the Federal Highway Administration (FHWA) sponsored a conference 
on integral abutment and jointless bridges. The proceedings were published and they provide a 
good reference on integral abutment bridges and their foundations. In these proceedings, the 
topics that were addressed by the presenters are current practice and design, case studies, 
maintenance and rehabilitation, and construction practices of integral abutment bridges. A survey 
of foundation types and topics of pile-abutment behavior are presented in the current practice and 
design section of these proceedings. Foundation behavior for integral abutment bridges was 
monitored and addressed in several papers under the topic of case studies. Current construction 
and maintenance issues specific to foundations for these types of bridges are discussed in several 
papers published for this conference. 
 
In 2004, the FHWA in conjunction with West Virginia University conducted a survey of state 
DOTs related to integral abutment bridges. The results were summarized in a report presented at 
the 2005 FHWA conference by Maruri and Petro (2005). Topics on the survey included general 
issues, design and details, foundations, abutment/backfill, approach slabs, retrofits (converting 
jointed to jointless bridges), and other issues. In the foundations section of the survey, over 70% 
of the survey respondents noted that steel piles were the most common type of foundation for 
integral abutment bridges. The remaining 30% of the survey respondents noted that they used 
either drilled shafts or semi-integral abutment designs. For integral abutment bridges in Hawaii 
and Nevada, the preferred type of foundation was drilled shafts rather than steel piles due to 
concerns related to corrosion of the piles. Although steel piles were the most common type of 
foundation, the pile orientation is not consistent from state to state. A figure in the report 
summarizes state practice for pile orientation: 33% specify orienting the piles for strong axis 
bending, 46% specify orienting the piles for weak axis bending, 8% let the bridge engineer 
decide, and 13% do not comment on the pile orientation. The survey also addressed other 
foundation topics such as pile capacities in axial and bending, MSE wall placement, and active 
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versus passive soil pressures. 
 
Foundation design concepts for integral bridges are discussed in a report by Dunker and Liu 
(2007).  The design concepts presented were grouped by the pile-abutment connection, pile 
casing, or type of piling. The pile to abutment connection details can alter the assumptions 
regarding rotational restraint of the pile head. For example, if the pile is sufficiently embedded 
into the abutment and the concrete is cast directly against the pile, the pile head can be assumed 
to be fixed; or, if the pile is embedded into the abutment, but the top of the pile is wrapped in 
some type of compressible material, such as carpeting, the pile head can be assumed to be 
pinned. The use of an elastomeric bearing strip between the pile cap and abutment can be used to 
develop a hinged connection as well. The use of an MSE wall near the bridge abutment can also 
change the type of foundation design. A pipe cover or casing is needed to prevent the piles from 
causing excess lateral earth pressure on the adjacent MSE wall. Dunker and Liu indicate that the 
most common type of piling used in integral abutment bridges is an HP-shape steel pile 
configuration. Depending on the situation, concrete drilled shafts could also be utilized. 
 
When adjacent structures or soils are sensitive to vibrations, pile driving is not always possible 
for bridge foundations. Dunker and Liu (2007) describe the use of a combined pile and drilled 
shaft design to solve this problem. The need for pile driving is eliminated by embedding the steel 
pile into the top of the drilled shaft and providing enough pile length to accommodate bridge 
thermal movement. This type of foundation is sometimes called a stabbed shaft or stabbed pile 
foundation. Where MSE walls are normally needed, but their construction is not feasible, the 
concrete drilled shafts could be placed close enough together and exposed in order to create a 
caisson-wall. 
 
2.2 Integral Abutments and HP-Steel Piles 
2.2.1 Analysis and Design 
An HP-steel pile configuration is one of the most common types of foundation used in integral 
abutment design. Theory and analysis for the design of an integral abutment bridges supported 
on steel piles is discussed in the report by Abendroth and Greimann (2005). In addition, the 
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report discusses the monitoring and analysis of two integral abutment bridges. Finite element 
bridge models were developed to predict the bridge responses that were measured during the 
monitoring period. The bridge deck, PC girders, piers, abutments, steel piles, diaphragms and 
surrounding abutment soil were modeled in the software, with the abutment soil modeled as 
linear horizontal and vertical springs. It was found that the calculated bridge movements were 
overestimated when compared to the measured monitored movements. Yet when measured 
abutment movements were input into the model and pile strains calculated, the measured strains 
essentially matched calculated strains. 
 
Several design recommendations were discussed in the report by Abendroth and Greimann 
(2005) as well. The HP-steel pile foundation was analyzed through an equivalent cantilever pile 
model by two different design methods. Limits were developed for the ductility capacity of piles 
behaving inelastically. Coupled with pile ductility demands associated with bridge thermal 
movements, changes to the current design criteria were recommended. The report also presented 
abutment design procedures. 
 
Dunker and Abu-Hawash (2005) also discuss the equivalent cantilever method for piles in their 
publication that summarizes the use of integral abutment bridges in Iowa. The abutment pile 
design approach that was developed by Abendroth and Greimann (2005), which has been used 
for Iowa bridges, has helped designers to increase allowable bridge length by being able to better 
model the bridge behavior. While issues like ductility and pile-fixity depth were discussed, 
issues which Greimann and Abendroth (2005) addressed as well, Dunker and Abu-Hawash also 
briefly discuss changes which will have to occur in current specifications in order to address this 
latest design approach and its implications on design. 
 
In a study by Dicleli and Albhaisi (2004), the authors determined the lateral displacement 
capacity of steel H-piles in an integral abutment. The study developed an equivalent model of the 
pile similar to that by Abendroth and Greimann (2005), then derived the capacity based on soil 
properties, such as local buckling strength, soil-pile interaction, and soil stiffness. Dicleli and 
Albhaisi also analyzed how the pile displacement capacity affected the maximum length of the 
integral abutment bridge. As a result of the analysis, the cyclic displacement of the piles was 
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found to decrease as the surrounding soil became stiffer, in turn making the maximum bridge 
length limit decrease with increased soil stiffness. Another conclusion from the analysis was the 
effect of the pile-abutment connection on the displacement capacity of the piles, where the 
capacity of the bridge increases dramatically with a pinned connection as opposed to a fixed. The 
conclusion developed by Diceli and Albaisi are a good reference for designing or studying an 
integral abutment bridge supported on HP-steel piles. 
 
A recent research project led to the analysis of an integral abutment bridge in Trenton, New 
Jersey (Khodair and Hassiotis 2005). This bridge was supported by HP-steel piles encased in 
galvanized steel pipe filled with sand. In this study, finite element and finite difference models of 
the bridge were created to predict the pile-soil behavior under thermal loading. The bridge was 
instrumented with inclinometers on the abutments, strain gages on the piles, and soil pressure 
cells behind the abutment walls. By analyzing the experimental data and then comparing them to 
the finite element and difference analyses, several conclusions were drawn. First, the 
discrepancies between the two models decreased as the diameter of sand around the pile 
increased. Second, the finite element analysis showed that the axial stress measured in the steel 
pile decreased as the sand diameter increased. 
 
2.2.2 Practice in Iowa 
A report by Liu, Magliola, and Dunker (2005) presents a summary of the experience of integral 
abutment bridges in both Iowa and Colorado. There are several recent projects of interest in Iowa 
that have utilized integral abutments. Six bridges in a major I-235 reconstruction project utilized 
integral abutments supported by HP-shape steel piles (one of these bridges is the 9th Street 
Bridge which is the subject of this report). Since the skew angle of one of these six bridges was 
45 degrees and another bridge had a length of 309 feet, special considerations were applied for 
the pile design of these bridges because the skew angle and length exceeded Iowa’s design 
limits. The piles for these two bridges were designed using the method of pile analysis 
established by Abendroth and Greimann (2005). Also Lui, Magliola, and Dunker discussed a 
project on US 20 in Dubuque County, Iowa, that involved four integral abutment bridges. Due to 
geometrical constraints, MSE walls were used near the abutments to control lateral earth pressure 
on the MSE walls, the piles were encased in corrugated metal pipe. 
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2.2.3 Recent Field Monitored Projects 
Two integral abutment bridges were monitored and analyzed by Abendroth and Greimann 
(2005). The bridges, one in Story County and one in Guthrie County, Iowa, were instrumented 
with displacement transducers, strain gages, and thermal couples in order to monitor abutment 
movements, bridge temperature gradient, and abutment/girder rotation. These researchers noted 
that the longitudinal abutment movements of both bridges were measured to be greater than the 
transverse movements and that these movements correlated to the bridge temperatures. For the 
Guthrie County Bridge, even though the distance from the fixed pier to the south abutment was 
two times longer than the distance to the north abutment, the abutment movements at the north 
abutment were measured to be almost two times greater than that at the south. This apparent 
displacement anomaly was contributed by those researchers to be caused by the difference in the 
lateral stiffness of the soil behind the abutments. For the Story County Bridge, the displacements 
at each abutment were approximately equal. 
 
Abendroth and Greimann (2005) also measured strain in the HP-steel piles supporting the 
abutments. From the measured strains, bending stresses were calculated at the top of the pile. For 
the Guthrie County Bridge, the bending stresses in the piles were calculated to exceed yield 
stress. For the Story County Bridge, the bending stresses at the top of the piles were calculated to 
be equal to about 73% of the steel yield stress.  
 
In Pennsylvania, monitoring of four integral abutment bridges was reported by Kim and Laman 
(2009). One integral abutment on each bridge was studied. The abutments of all four bridges are 
supported by a line of HP12x74 piles. The purpose of the study was to document the in-situ 
testing behaviors: abutment displacements, abutment backfill pressure, abutment and girder 
rotations, girder axial and bending moment forces, pile axial and bending moment forces, and the 
strains in the approach slab.   
 
Several conclusions were drawn from the Kim and Laman (2009) study that could be used in 
future integral abutment bridge designs and studies. Abutment displacement was seen to change 
in a cyclic behavior matching that of the expansion and contraction of the bridge. In this study 
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the maximum measured displacement was almost 2 in. Two piles on each abutment were 
instrumented with strain gages at two elevations. The pile bending moments measured at the top 
gage location were slightly larger in magnitude and opposite in direction to the bending moments 
measured at the bottom location. The pile bending moments were determined to fit the cyclic 
temperature movements of the bridge. Measured pile axial forces also showed a cyclical pattern 
with a general trend between all four bridges of the change of incremental axial load being 
toward tension (decrease in the compressive load) as the temperature increased.  
 
Another study of an integral abutment bridge supported by HP-steel piles took place in 
Minnesota. The study monitored an integral abutment bridge supported on a row of HP12x53 
piles (Lawver et al., 2004).  The behaviors monitored on this bridge were very similar to those 
studied on the four bridges in Pennsylvania. In this case live load behaviors were also evaluated.  
 
Measured abutment movements at the Minnesota bridge site were found to be primarily in the 
longitudinal direction, as expected, causing the steel piles to go into double curvature. The 
longitudinal movement was cyclic with an overall tendency to be moving inwards. Instead of 
rotating, the abutment was measured to translate in the transverse direction. Lawver et al. noted 
that the direction of the axial strain was different at interior and exterior piles. This difference in 
direction of axial strain was attributed to sun-induced loading of the bridge deck (i.e., the sun 
warming one side of the deck more than the other). From live load testing, Lawver et al. reported 
that the three spans of the bridge acted independently instead of continuously. This was because 
of the construction details for the connection between the girders for each span. The middle span 
behaved as a simply-supported span, while the end spans behaved somewhere between simply-
supported spans and fixed-pinned spans.  
 
2.3 Integral Abutments and Concrete Drilled Shafts 
Drilled shafts have been used in various types of structures as a type of deep foundation, 
providing load transfer from the structure to the soil through skin friction and end bearing. Many 
of these structures include buildings, towers, and bridges. In Chapter 12 of the foundations 
textbook by Das (2006), drilled shaft theory and design is discussed in more detail. 
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A study of an integral abutment bridge supported on concrete drilled shafts was performed in 
Hawaii by Ooi et al. (2010). Due to corrosion issues with corrosion of steel piles in the soil, 
drilled shafts were the preferred type of foundation. For this specific integral abutment bridge, 
the in-service bridge behavior was monitored, including abutment movements and drilled shaft 
axial load and moments. Over the long term, the top of the abutments were found to be tilting 
towards the stream. The abutment movements were affected more by shrinkage and creep of the 
superstructure than by thermal loading of the bridge. The axial loads in the drilled shafts were 
found to have a seasonal and daily cyclic pattern and these loads were much higher than 
expected. The daily cycle of axial load, similar to that in the study by Lawver et al., was 
attributed to sun exposure on the deck as well as load variations from the stream. The issue with 
the higher axial load was attributed to concrete creep, a change in shaft stiffness due to strain, 
and an uneven distribution of load among shafts. 
 
Ooi et al. (2010) also performed a numerical analysis on the bridge discussed above. Two- and 
three-dimensional finite element analyses of the bridge were performed. From these two 
analyses, the three-dimensional analysis yielded high, negative bending moments in the drilled 
shafts, as well as a larger shaft curvature than that predicted by the two-dimensional analysis. 
Beyond those few differences between the models, the two analyses verified the results measured 
in the field monitoring of the bridge.  
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3 BRIDGE MONITORING PROGRAM DESCRIPTION 
3.1 Bridge Description 
The 9th Street Bridge is a three-span bridge over Interstate-235 in Des Moines, Iowa. It is a 
welded, I-shape, steel girder bridge with integral abutments supported by HP-shape steel piles 
that are orientated with their webs parallel to the face of the abutment. These piles are embedded 
into reinforced concrete drilled shafts. A plan view of the bridge can be seen in Figure 3.1 and an 
elevation view is shown in Figure 3.2. The bridge abutments are oriented at a 6˚36’ skew angle. 
The south end of the bridge flares out between the mid-span of the center span and the south 
abutment. The three spans of the bridge from south to north are 83 ft, 103 ft-8 in., and 121 ft-9 
in. resulting in a total bridge length of 308 ft-5 in. 
A typical cross section at the north and south abutments is shown in Figure 3.3. The steel pile 
length from top of shaft to bottom of abutment is 19 ft and is embedded in the concrete drilled 
shaft for approximately 6 ft. The length of the abutment drilled shafts is 22 ft with the shafts 
tipped out in glacial clay. Typical cross sections are shown in Figure 3.4 and Figure 3.5, one near 
the south abutment and one near the north abutment. 
 
The original bridge plans specify that the abutments were to be supported by HP12x84 steel 
piles. However, due to an error during construction, only the south abutment is supported by this 
size of pile. At the north abutment, HP10x87s were installed by mistake. The abutment drilled 
shafts for the abutments are 2.5 ft in diameter. The bridge piers are also supported by concrete 
drilled shafts. These shafts are 3 ft in diameter and are approximately 99 ft long. 
 
 
3.2 Bridge Instrumentation 
All instrumentation consisted of sensors with vibrating-wire technology. These sensors are 
capable of measuring long-term, slowly changing behaviors. Strain gages were installed on five 
steel piles, reinforcing steel strain gages were installed in three concrete drilled shafts, long-
range displacement meters were installed underneath the bridge deck, and tiltmeters were 
installed on the south abutment wall and the MSE retaining wall. Table 3.1 lists the different 
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types of instrumentation, where they were generally located, and what they measured. Figure 3.1 
and Figure 3.2 show the instrumentation locations. The instrumentation was designed to monitor 
the following: 
 
• Temperature (air and gage) 
• Abutment movements 
• Pier movements 
• Steel pile longitudinal strains 
• Concrete drilled shaft longitudinal strains 
• MSE wall and abutment interaction 
 
Table 3.1 Instrumentation type, purpose, and location 
Instrumentation Behavior Monitored Location 
Strain gages Gage temperature 
Steel pile longitudinal strain 
North and south abutment 
Reinforcing steel strain gages Gage temperature 
Concrete drilled shaft 
longitudinal strain 
North and south abutment 
South pier 
Long-range displacement 
meters 
Air temperature 
Abutment movements 
Pier movements 
All bridge spans 
Tiltmeters MSE wall and abutment rotation South abutment and MSE wall 
 
3.2.1 Steel Pile Strain Gages 
Three steel piles at the north abutment and four at the south abutment were instrumented with 
strain gages. Figure 3.1 and Figure 3.6 show these seven piles. Two of the piles, due to wires cut 
during bridge construction, on the south abutment, SA2 and SA8, have no working gages. Figure 
3.7 is a photograph of a typical strain gage after it was affixed to the steel pile. At each 
monitored pile cross section, four gages were used. Gages were welded onto the inside face of 
the flange, at the quarter and three-quarter points along the flange width. Figure 3.6 shows 
elevation views of the seven piles instrumented with strain gages, the gage locations, and the 
gage designations.  
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Figure 3.1 Plan View of 9th Street Bridge with instrumentation 
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Figure 3.2 Elevation View of 9th Street Bridge 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Cut section through north and south abutment 
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Figure 3.4 Typical bridge cross section near south abutment (looking south) 
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Figure 3.5 Typical bridge cross section near north abutment (looking south) 
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3.2.2 Reinforcing Steel Strain Gages 
Three drilled shafts were instrumented with reinforcing steel strain gages. Figure 3.8 is a 
photograph of a typical reinforcing steel strain gage. One shaft at each abutment was 
instrumented, as well as a shaft at the south pier, as illustrated in Figure 3.1. Note that in all cases 
an instrumented abutment shaft supported an instrumented steel pile. 
 
For the north and south abutments, four strain gages were installed at three different elevations 
within the shaft as shown in Figure 3.9. The monitored drilled shaft at the south pier had strain 
gages installed at six different elevations, shown in Figure 3.10. Figure 3.11 illustrates the angles 
of the gages for both abutments and the pier shaft with respect to the local coordinate system of 
the shaft. This coordinate system will be described more in Chapter 4.  
 
For the north and south abutments, four strain gages were installed at three different elevations 
within the shaft as shown in Figure 3.9. The monitored drilled shaft for the south pier had strain 
gages installed at six different elevations, shown in Figure 3.10. Figure 3.11 illustrates the angles 
of the gages for both abutments and the pier shaft with respect to the local coordinate system of 
the shaft. This coordinate system will be described more in Chapter 4.  
 
3.2.3 Displacement Meters 
Three displacement meters were installed near the bottom flange of a girder that is near the 
bridge centerline. The location of the meters is shown on the plan view in Figure 3.1 as well as 
on the elevation view in Figure 3.2. The first displacement meter extends from the north 
abutment to the north pier, the next from the north pier to the south pier, and the third from the 
south pier to south abutment. Figure 3.12 is a photograph of a displacement meter installed on 
one of the abutments. The displacement meter for the middle span was installed on a pier to 
match the elevation of those at the abutments, as shown in Figure 3.13.  
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Figure 3.7 Typical strain gage on steel pile 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Typical reinforcing steel strain gages installed on drilled shaft cage 
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Figure 3.9 Concrete drilled shaft reinforcing steel strain gage locations for north and south  
abutments 
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Figure 3.10 Concrete drilled shaft reinforcing steel strain gage locations for south pier 
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Figure 3.11 Drilled shaft gage location and coordinate system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Abutment displacement meter  
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Figure 3.13 Pier displacement meter 
 
 
3.2.4 Tiltmeters 
Five tiltmeters were installed at the south end of the bridge. Three were installed on the abutment 
wall:  one near the west end, one near the center, and one near the east end as illustrated in 
Figure 3.14. A tiltmeter was also installed near each end of the MSE wall located just slightly 
north of the abutment wall.  
 
 
3.3 Data Reduction and Temperature Corrections for Bridge Instrumentation 
3.3.1 Steel Pile Strain Gages 
Temperature correction was not needed for the strains that were based on the measured vibration 
frequency of the gage wire for the strain gages attached to the steel pile since the vibrating wire 
within the gage and the steel pile can be assumed to have the same coefficient of thermal 
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expansion. The longitudinal strain in the steel piles was initialized (set equal to zero) on 
September 30, 2008 at 12:00 PM. The strain readings for all pile strain gages were output as a 
digit reading, which was converted into a strain by applying a calibration factor, C, as shown in 
Equation 3.1. 
 
 
 
 
∆ = ( − 	)    Equation 3.1 
 
where, 
Δεij = Incremental microstrain zeroed for date and time i at gage j, 
Rij   = Digit reading for date and time i at gage j, 
R0j  = Digit reading fot initialization date and time at gage j, and 
Cj    = Calibration factor supplied by manufacturer. 
 
 
3.3.2 Reinforcing Steel Strain Gages  
A temperature correction was needed for the strains monitored by the gages installed in the 
drilled shafts. Because of an issue with signal timing between the gages and the data logger, data 
from the drilled shafts before December 13, 2008 were deemed not useable. Therefore all data 
collected before December 13th, 2008 were discarded and the zero date and time for the 
longitudinal strains in the drilled shafts was set as December 13, 2008 12:00 PM. 
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Figure 3.14 Plan view of tiltmeter locations on south abutment and MSE retaining wall 
 
Using Equation 3.2, the reinforcing steel gage digit readings R were converted to strains, zeroed, 
and then temperature corrected. The temperature used for correcting the gages was the 
temperature recorded by the gages. 
 
∆ =  − 	 +  − 	( − )    Equation 3.2 
 
where, 
 Δεij = Incremental microstrain zeroed for date and time i at gage j 
 Rij  = Digit reading for date and time i gage j 
 R0j  = Digit reading for initialization date and time at gage j 
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 Cj    = Calibration factor supplied by manufacturer  
 Tij   = Temperature recorded for date and time i gage j 
 Toj  = Temperature recorded on the initialization date and time by gage j 
 αg     = Coefficient of expansion, 6.7 x 10-6 in./in./°F, for gages 
 αc     = Coefficient of expansion, 5.25 x 10-6 in./in./°F, for drilled shaft concrete 
 
3.3.3  Displacement Meters 
The displacement meters, shown in Figure 3.2, were used to monitor the relative movement 
between the supports for each span. These meters were also temperature corrected. The steel 
wire in each span also expands and contracts with changing temperatures. The readings by the 
displacement transducers are a combination of movement of the bridge abutments and piers plus 
the change of length in the displacement wire. The bridge incremental expansion is calculated by 
Equation 3.3. The zero date and time for the displacement meters is the same as the steel pile 
strain gages, September 30th, 2008 12:00 PM. 
 
∆ = ( − 	) + ( − 	)   Equation 3.3 
 
where, 
 ΔLim-n = Incremental expansion of span n on date and time i, 
 Rij    = Instrumentation digital output for span n on date and time i in Digits, 
 R0j    = Instrumentation digital output for span n on the initialization data and time, 
 G     = Calibration factor supplied by manufacturer to convert digits to in., 
 Tin    = Temperature recorded by displacement meter on span n on date and time i, 
 Ton   = Temperature recorded by displacement meter on span n on the initialization date  
  and time, and 
 αw     = Coefficient of expansion, 6.7 x 10-6 in/in/°F, for the displacement meter wire. 
 
 
3.3.4 Tiltmeter Correction 
Tiltmeter data were initialized for September 30th, 2008 at 12:00 PM and the data also had to be 
zeroed and temperature corrected. Equation  3.4 summarizes this correction and the calibration 
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of the tiltmeter data. 
∆ = ( − 	) + ( − 	)   Equation 3.4 
 
where, 
Δθi  = Incremental tilt of the abutment wall or retaining wall at date and time i, 
G    = calibration factor in degrees/digits, 
Ri    = Tiltmeter reading for date and time i, 
R0    = Tiltmeter reading on initialization date and time, 
K
 
    = Temperature correction factor, 0.5G, 
Ti     = Temperature recorded for date and time i, and 
T0    = Temperature recorded on initialization date and time. 
 
 
3.4 Global Bridge Movement 
 
3.4.1 Surveying Method Overview 
Surveying was used to measure movements of points directly above the abutments and piers 
throughout the two-year monitoring period. Eight points (P1 through P8), which are shown in 
Figure 3.15, were monitored. Each of the points is located on the top of the on the barriers 
directly above the bearings. Three fire hydrants near the bridge, which are shown in Figure 3.15, 
were used as benchmarks.  
 
Each time a survey was performed, six cycles of data were obtained. The total station was first 
set up at total station setup 1 shown in Figure 3.15. One person operated the total station and 
another person held a reflector (mounted to a short survey pole) at each point on the bridge and 
at each benchmark. Figure 3.16 shows the total station located at the first setup position on the 
bridge. Figure 3.17shows the reflector mounted on the short survey pole that was used in the 
surveys and how it was placed on the fire hydrants to take readings. At the first total station 
location, three cycles of data were obtained (i.e., each point P1 through P8 and R1 through R3 
was "shot" three times). Then the total station was moved to the second total station set up on the 
east side and three more cycles of data were obtained. In this way, a total of six readings of  
28 
 
N
P8
P7
P6
P5
P1
P2
P3
P4
R3
R
2
R
1
To
ta
l S
ta
tio
n
Se
tu
p 
1
To
ta
l S
ta
tio
n
Se
tu
p 
2
Day Street
9t
h 
St
re
et
X
'
Y
'
Y
X
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Plan view of bridge with surveying coordinate system 
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horizontal distance, angle and slope would be recorded for each surveying point. 
 
3.4.2 Data Reduction 
A survey coordinate system was established with the origin at benchmark R1 and the X’-axis 
passing through benchmark R3 as shown in Figure 3.15. The Y’-axis was set to be perpendicular 
to X’ and it extended in a southerly direction. Using the horizontal and vertical angles and slope 
distances that were obtained through surveying, horizontal coordinates (X’,Y’) for the eight 
points (P1 through P8) could be determined. Those coordinates were transposed to the 
horizontally rotated XYZ-coordinate system shown on Figure 3.15. In this transposed coordinate 
system the Y-axis is nearly parallel to the centerline of the bridge. This rotated coordinate system 
relates to the longitudinal and transverse bridge movements. After calculating the coordinates 
(X,Y) for each point, the mean, standard deviation, and 95% confidence interval were 
determined for the six sets of data for each point. 
 
The initialization date and time for the surveying data was September 30th, 2008, which matched 
the initialization date for the steel piles and displacement meters. The differences between the X 
and Y coordinates for a point for any two surveys is the movement of that point along the X-axis 
and Y-axis, respectively, between the two points in time. The 95% confidence interval for the 
difference in X and Y coordinate for a particular point was calculated as the square root of the 
sum of the squares of the 95% confidence interval for the average for the X and Y coordinate 
corresponding with each of the two surveys. 
 
Movements of the approximate midpoint of the abutments and piers were calculated as the 
average of the coordinates of the two corresponding points on barrier directly above the 
abutment or pier. For example, the average coordinates of points P1 and P5 represented the 
coordinates at the approximate midpoint of the north abutment.  
 
For the survey based measurements, the change in length for the bridge was calculated as the 
difference between the abutment movements in the Y-axis direction. Likewise, the change in the 
length of a particular span was calculated as the difference between the span support movements 
in the Y-axis direction. 
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Figure 3.16 Survey total station setup (looking east) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17 Reflector used in surveying process 
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3.4.3 Surveying data filtering 
Errors that occur with surveying can sometimes be larger than those that occur with other bridge 
monitoring techniques. Each survey that was performed on the bridge was unique in the aspects 
of weather conditions, traffic, and human factors. This means that every survey had different 
95% confidence intervals. Most of these confidence intervals were less than 0.5 in. If a survey 
had a large confidence interval, each of the six individual cycles coordinates were checked to 
determine if there was a bad cycle causing the large confidence interval. This was done by 
calculating point movements in each cycle compared to the initial survey date.  If a point 
movement exceeded the average point movement by more than 0.5 in., that specific cycle was 
investigated and usually removed.  
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4 BRIDGE MONITORING PROGRAM RESULTS AND COMPARISONS 
4.1 Bridge Displacements 
4.1.1 Pier and Abutment Movements  
Section 3.4 of Chapter 3 presented the process for monitoring bridge movements using surveying 
techniques. That section discussed the evaluation of the coordinates and change in coordinates 
with respect to a zero date (September 30th, 2008 at 12:00 PM) for 8 points on the bridge. Using 
the measurements from fourteen different surveys, this section discusses the results as they relate 
to the 9th street bridge behavior. 
 
Figure 4.1 shows a plot of the north abutment (designated NA) and south abutment (designated 
SA) movements in the Y-axis direction. Note that the bar height represents the potential error 
associated with the 95%-confidence interval. During the colder months, the north abutment 
moved in the positive Y- axis direction, or south. The south abutment moved in the negative 
direction, or north during the same period. From this trend, it appears that, as expected, the 
bridge did not shift one direction as a unit, but rather expanded and contracted about a point.  
 
The north abutment moved over a range of approximately 0.84 in. while south abutment moved 
over a range of approximately 0.56 in. From these ranges of abutment movements, the point of 
zero movement was determined to be approximately at the two-fifths point from the south 
abutment, or approximately 123 ft from the south abutment. The point of fixety is the theoretical 
point about which the bridge expands and contracts. The specific location of the zero movement 
point nearer the south end could be due to several reasons. One reason is that the south end of the 
bridge is flared with a corresponding larger soil resistance, causing the zero movement point to 
occur closer to that end. The second reason is the construction error mentioned in Chapter 3. The 
north abutment has smaller sized piles than the south, possibly causing a greater longitudinal 
movement on the north than the south abutment. A third reason, and what could be the primary 
reason, is the placement of the two fixed piers. The piers are placed asymmetrically and in design 
the point of zero movement would be assumed to be halfway between the two piers. 
 
Figure 4.2 shows a plot of the X-axis (transverse) movement for the north and south abutments, 
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denoted as NA and SA on the graph. The range in north abutment transverse movement was 0.47 
in. while the range in south abutment transverse movement was approximately 0.83 in. Overall, 
the trend of both abutments is moving in the west direction with the south abutment moving less 
negative than the north (i.e. the north abutment is moving less towards the west than the south 
abutment). The south abutment moving transversely more than the north abutment could be 
attributed to the flared south abutment. 
 
The pier Y-axis (longitudinal) movements are shown in Figure 4.3. Similar to the abutments, the 
piers were expanding and contracting about a point, not shifting permanently in one direction. 
The range in the south pier (designated SP) movement was 0.42 in. while the range in north pier 
(designated NP) movement was 0.54 in. From the pier movement ranges, the point of fixety 
between the piers was determined to be approximately 130 ft from the south abutment, which is 
close to the point of fixety location determined from abutment movements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 North and south abutment ∆Y movements 
North 
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A plot of pier X-axis (transverse) movements is shown in Figure 4.4. South pier and north pier 
movements are denoted as SP and NP. The range in north pier movement in the X-axis direction 
was 0.88 in. and 0.46 in. for the south abutment. Throughout the two year monitoring period, the 
north pier transverse movement is less negative than the south pier (i.e., the north pier is moving 
less towards the east than the south pier).  
 
4.1.2 Bridge Rotation and Translation 
Using the abutment and pier displacements shown in the previous section, bridge rotation and 
translation in the transverse direction were calculated. Positive bridge rotation is  counter 
clockwise (CCW) if the bridge is viewed from above. Positive translation is in the positive 
surveying X-axis direction, or west. The rotation and translation were calculated for the total 
bridge, as well as the three spans and are shown in Figure 4.5 and Figure 4.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 North and south abutments ∆X movements 
East 
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Figure 4.3  North and south pier ∆Y movements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 North and south pier ∆X movements 
North 
East 
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The total rotation of the bridge ranged 0.012˚ throughout the two year monitoring period. The 
north, middle and south spans rotations ranged 0.004˚, 0.009˚, and 0.007˚, respectively. Overall, 
the rotation of the bridge cycles with the seasons, becoming more positive in the colder months, 
and more negative in the warmer months. 
 
The bridge appears to be moving in a west direction, as seen in Figure 4.6. The translation with 
time for both the bridge and spans is getting increasingly positive. Taking the average value 
between all the points plotted in the above figure, the total translation over the two year 
monitoring period was around 0.5 in. to the west.  
 
4.1.3 Span and Bridge Change in Length 
As described in Chapter 3, the abutment and pier movements were used to calculate the change 
in length of each span and bridge within the 95%-confidence intervals. The displacement meters 
underneath the bridge deck also measure change in length of each span of the bridge using 
Equation 3.3. 
 
A theoretical change in length of each span and the bridge can theoretically be calculated as:   
 
 
 
TLY neffn ∆=∆ α     Equation 4.1 
Where, 
∆Yn = theoretical change in span length n, 
αeff    = effective coefficient of thermal expansion and contraction for the bridge, 
Ln     = length between pier/abutment m and n, and 
∆T   = change in temperature. 
 
Relative movements that were calculated from the surveying results, measurements from the 
displacement meters, and theoretically computed are shown in Figure 4.7 through Figure 4.14. 
Figure 4.7 shows plots for the change in length at the north span.   
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Figure 4.5 Bridge and span rotation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Bridge and span translation 
Theoretical and displacement meter values were plotted for the hourly readings taken by the data 
East 
West 
CW 
CCW 
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loggers. The surveying bar heights, similar to previous graphs, represent the 95%-confidence 
interval. The change in length of the north span is approximately 1 in. whether measured with 
displacement meters, surveying measurements, or theoretical calculations. 
 
Figure 4.8 and Figure 4.9 are similar to Figure 4.7 illustrating the change in length of the center 
span and the south span, respectively. For both spans, the relative movement was approximately 
0.75 in. The change in length as measured with survey techniques consistently produced smaller 
changes. This is likely due to the fact that surveying was not performed during extreme 
temperatures, so not all values of bridge change in length were obtained for all temperatures. 
In all three figures, the relative movements were as expected. During the warmer months, the 
bridge spans expanded and during the colder months, the bridge spans contracted. Further, the 
expansion and contraction amounts were similar.  
 
The change in total bridge length was also determined by the three methods. Figure 4.10 shows 
the change in the bridge length versus time that was established by surveying, displacement 
meters, and theoretical means. The range for the change in the bridge length, as theoretically 
calculated and measured by the displacement meters, was approximately 2.5 in. From the survey 
measurements, the range for the change to the bridge length was slightly smaller at 1.5 in. None 
of the surveys were performed during periods of extreme temperatures, so this difference is 
expected. Similar to the results shown for the change in each span length, the bridge expanded 
during the warmer months and contracted during the colder months.  
Figure 4.11 shows the change in the length of the north span, as established by the surveys, 
displacement meters, and theoretical means versus the temperature that was recorded by the 
thermistor in the displacement meter located near the north span. The boxes represent the change 
in the length of the bridge span as calculated using the survey results. The height of each box is 
the 95%-confidence interval and the width of each box is the temperature range recorded during 
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Figure 4.7 Change in the length of the north span 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Change in the length of the center span 
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Figure 4.9 Change in the length of the south span 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Change in the bridge length 
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the surveying period. Both the theoretically computed and displacement meter values of relative 
movement show a linear relationship. The survey results also follow a linear trend; however, the 
results for a few surveys are higher than that for the other two methods.  
 
Figure 4.12 and Figure 4.13 show the change in length of the center span and south span versus 
temperature, respectively.  Again, the linear relationship is apparent between change in length 
and temperature. For most surveys, the average value of the change in length matches that of the 
displacement meter and theoretical values. Confidence intervals, for example on the May 2009 
and August 2009 surveys are larger than other surveys. This could be due to several reasons, all 
of which relate to some type of error in the surveying process. 
 
 Figure 4.14 shows the change in total bridge length versus temperature for the three methods. 
Again, there is a linear relationship. The range of data is similar to that shown in Figure 4.10. 
The range for the change in the bridge length was 2.5 in. for the displacement meter and 
theoretical evaluation and about 1.5 in. for the survey results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Change in the length of the north span versus temperature 
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Figure 4.12 Change in the length of the center span versus temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 Change in the length of the south span versus temperature 
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Figure 4.14 Change in the bridge length versus temperature 
 
4.2 Steel Pile Behavior 
4.2.1 Steel Pile Coordinate System and Strain Analysis 
The locations of the instrumented steel piles and strain gage elevations were illustrated in Figure 
3.1 and Figure 3.6. Using the incremental strain gage readings at a specific gage elevation, axial, 
bending (about both axes), and torsional incremental strains can be calculated (Δεa, Δεx, Δεy, Δεt). 
To calculate these strains, a coordinate system was established for the steel piles as shown in 
Figure 4.15. 
Figure 4.16 further illustrates the coordinate system for an individual pile that was shown in 
Figure 4.15; the directions for positive axial force, P; x-axis and y-axis bending moments, Mx 
and My, respectively; and torsional moment, Mz; and strain gage numbers that were used in the 
calculation of the incremental strain components ∆εa, ∆εx, ∆εy, ∆εt.  (Note that these gage 
numbers are not the same as the labels shown in Figure 3.6.). 
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Figure 4.15 9th Street coordinate system 
 
Using the sign convention shown in Figure 4.16, the total incremental strain at all four gage 
locations for the top gage elevation are given by Equations 4.2 through 4.5.  
 
    ∆ = ∆ + ∆ + ∆ − ∆      Equation 4.2 
∆ = ∆ + ∆ − ∆ + ∆   Equation 4.3 
∆! = ∆ − ∆ − ∆ − ∆   Equation 4.4 
∆" = ∆ − ∆ + ∆ + ∆   Equation 4.5 
 
 
x 
y 
x 
y 
y 
x 
x 
y 
N 
North Abutment C L 
South Abutment C L 
45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 Gage numbers and sign convention for a steel pile 
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Solving these equations, the incremental axial, bending, and torsional strains were calculated 
using Equations 4.6 through 4.9. 
 
∆ =
∆#∆ #∆!#∆"
"
    Equation 4.6 
∆ =
∆#∆ ∆!∆"
"
    Equation 4.7 
∆ =
∆∆ ∆!#∆"
"
    Equation 4.8 
∆ =
∆#∆ ∆!#∆"
"
               Equation 4.9 
 
 
 
4.2.2 Steel Pile Incremental Strains due to Axial, Bending and Torsion  
Using Equations 4.6 through 4.9, the incremental axial, bending and torsional strains were 
calculated for all five piles at the top gage locations. These incremental strains are plotted versus 
time in Figure 4.17 through Figure 4.21. Figure 4.22 and Figure 4.23 show the  incremental axial 
and bending about the y-axis strain plots, respectively, for the south abutment. Figure 4.24 and 
Figure 4.25 are similar to Figure 4.22 and Figure 4.23, only for the north abutment. The 
incremental axial strain shows a cyclical pattern, changing with time with a range of as much as 
200 microstrain. The sense of incremental axial strain with time is not, however, the same for all 
five piles. For example, during the fall, the incremental axial strain in pile NA1, an exterior pile, 
tends towards compression while pile NA4, an interior pile, this strain tends towards tension.  
 
The incremental bending strain about the x and y axes of the steel pile also show a cyclical 
pattern as well. As the x-axis is the axis nearly parallel with the longitudinal axis of the bridge, 
strains are expected to be higher for bending about the y-axis, as the bridge expands and 
contracts. For pile NA1, the range in the x-axis incremental bending strains, ∆εx, is 
approximately 200 microstrains, while the range in the incremental bending strains about the y-
axis, ∆εy, is approximately 800 microstrains. As expected, the incremental torsional strains are 
minimal compared to the other three strains. The range in the incremental torsional strain was 
approximately 25 microstrain.  
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The four incremental strains were also calculated for the bottom gage locations on piles NA4, 
SA1 and SA5. The incremental axial strains for the bottom gage locations are similar in range 
and direction as those for the top gage locations. For x-axis bending, the magnitude of the 
incremental strains at the bottom gages is smaller than that for y-axis bending, which was a 
similar behavior to that noted for the top gages. In piles SA1 and SA5, the bottom gage 
incremental y-axis bending strains were slightly smaller than that of the top gages, with a range 
of about 275 and 200 microstrains, respectively. Also, the direction of the incremental strain with 
time was in the opposite direction (i.e., the bending incremental strains at the bottom were 
positive while they were negative at the top). For pile NA4, the y-axis incremental bending 
strains at the bottom gage location were smaller as well; around 100 microstrain range; yet the 
direction of the incremental bending strain was not opposite as it was at the south abutment. For 
incremental torsional strains, the results for the bottom gages were very similar to the top gages 
with a range of around 25 microstrain, significantly smaller than the other three strain types. 
 
A summary of the maximum total incremental strain at the steel pile flange tips is shown in 
Table 4.1. As mentioned in Chapter 3, a smaller size steel pile was installed on the north 
abutment initiating a concern that this construction error might cause an overstressed condition 
in these piles. A comparison of the north and south abutment strains reveals that the total 
incremental strains were somewhat higher than those in the south abutment piles. Pile NA1 has 
the highest range of total incremental strain of 1299 microstrain at the flange tip, which is almost 
three times larger than the total incremental strain in the south abutment piles. These higher 
incremental strain ranges for the piles at the north abutment could be due to the smaller size of 
pile that was installed.  
 
Table 4.1 Summary of Maximum Flange Tip Incremental Strains for Steel Piles at Top and 
Bottom Gage Locations 
    North Abutment South Abutment 
    NA1 NA4 NA8 SA1 SA5 
Top Gage Location (µε) 
 
1299 227 954 441 409 
Bottom Gage Location (µε) 
 
-- 187 -- 420 385 
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4.2.3 Analytical Model 
An analytical model of an equivalent cantilever for moment (Abendroth and Greimann, 2005) in 
an integral abutment steel pile is illustrated in Figure 4.28. The steel pile is idealized as an 
isolated column with an equivalent length, L, and rotationally fixed ends with one end subject to 
a lateral displacement, ∆. The following section summarizes equations derived from this model 
that will be used in future sections of this report. 
 
Using basic engineering mechanics principles, the incremental bending moment, ∆Mg, at a gage 
location is expressed as 
 
∆$ =
∆%&

     Equation 4.10 
 
where, 
c = distance between a gage and the axis of bending, 
I  = moment of inertia of the pile cross section, 
E = modulus of elasticity of steel pile, and 
ε = longitudinal incremental bending strain. 
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Figure 4.17 South abutment steel pile incremental strains (SA1) 
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Figure 4.18 South abutment steel pile incremental strains (SA5) 
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Figure 4.19 North abutment steel pile incremental strains (NA1) 
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Figure 4.20 North abutment steel pile incremental strains (NA4) 
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Figure 4.21 North abutment steel pile incremental strains (NA8) 
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Figure 4.22 South abutment steel pile incremental axial strain for top gages (Δεa) 
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Figure 4.23 South abutment steel pile incremental bending strain for top gages (Δεy) 
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Figure 4.24 North abutment steel pile incremental axial strain for top gages (Δεa) 
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Figure 4.25 North abutment steel pile incremental bending strain for top gages(Δεy) 
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Figure 4.26 Steel piles bottom gage incremental axial strain (Δεa) 
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Figure 4.27 Steel piles bottom gage incremental bending strain (Δεy) 
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Figure 4.28 Steel pile analytical model 
 
 
The relationship between moment M and the displacement ∆ is given by  
 
∆= $
 
'%&
      Equation 4.11 
 
 
Since the moment diagram is linear, as seen in Figure 4.28, the incremental member end 
moment, ∆M, is evaluated as 
 
∆$ =
∆$

     Equation 4.12 
 
 
Combining Equations 4.11 and 4.12 and relating the incremental moment to incremental bending 
strain, the incremental strain at the top gage elevation is expressed by 
 
∆ =
'
!
∆      Equation 4.13 
 
 
As mentioned in the previous section, the direction of the incremental, y-axis, bending strains at 
 M 
M 
 Mg 
Lg 
 Mg 
L
 
M 
M 
∆
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the top gage location of the monitored steel piles for the south abutment were opposite of that at 
the bottom gage location. This strain relationship  was predicted by the analytical model shown 
in Figure 4.28. For pile NA4, the incremental y-axis bending strains at the bottom gage location 
were relatively small and had the same direction as those strains at the top location. This may 
indicate that the fixety at the bottom of the pile was not as expected. If the fixed equivalent 
cantilever model above was a pinned end base, the strain at the top of the model would be half of 
that in Equation 4.13. The incremental bending strains at the top gage location would also be the 
same direction as those on the bottom. Another possibility is larger rotations at the north 
abutment causing less fixity of the pile head. However, no abutment rotation measurements were 
taken to investigate this.  
 
4.2.4 Bridge Displacements versus Steel Pile Bending Strains 
The relationship between longitudinal movement of the south abutment along the x-axis 
direction of the steel pile SA5 and the incremental, y-axis, bending strain, Δεy, in that pile at the 
top gage location is shown in Figure 4.29. The width of the survey boxes in the figure represent 
the 95% confidence interval for the displacement ∆x and the height of the boxes represent the 
incremental bending strain that was measured during the five-hour period of the survey. The 
solid line is a plot of Equation 4.13. This line passes through most of the boxes. This may 
indicate that the analytical model previously discussed may be appropriate.  
Figure 4.30 shows the relationship between the movement ∆y of the south abutment along the y-
axis direction of the steel pile SA5 and the incremental, x-axis, bending strain ∆εx in that pile at 
the top gage location. Similar to Figure 4.29, the solid line represents Equation 4.13. The 
incremental bending strains due to transverse movements are significantly smaller than the 
longitudinal movements and incremental bending strains, which was also seen in Figure 4.17 
through Figure 4.21. For most  surveys, the solid line passes through the middle of the boxes. 
The relationship between the movement ∆x of the north abutment along the x-axis direction of 
the steel pile NA4 and the incremental, y-axis, bending strain ∆εy in this pile at the top gage 
location is shown in Figure 4.31and  is similar to that is shown in Figure 4.29 for the south 
abutment.  
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For the bottom gage location, as mentioned earlier, the incremental bending strains are similar in 
magnitude, but opposite in direction as predicted by the analytical model. From these 
observations, the steel pile behavior appears to be able to be predicted by simple models 
developed for traditional integral abutment bridges. 
 
4.2.5 Steel Pile Axial Load vs. Temperature 
 
Using the incremental axial strain calculated by Equation 4.6, the incremental axial load, ∆P, 
was calculated for each pile at the top gage location. The relationship between ∆P and the air 
temperature under the bridge is shown in Figure 4.32 through Figure 4.36. 
There is a trend found in Figure 4.32 and Figure 4.33 between the pile incremental axial load 
direction and the pile location relative to mid-width of the bridge. For pile SA1, as the 
temperature increases, the incremental axial load stays the same while the middle pile, SA5, 
becomes more tensile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.29 South abutment (SA5) steel pile bending strain (at top) versus surveying 
displacement 
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Figure 4.30 South abutment (SA5) steel pile bending strain (at top) versus surveying 
displacement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31 North abutment (NA4) steel pile bending strain (at top) versus surveying 
displacement 
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Figure 4.32 South abutment steel pile incremental axial load versus meter temperature 
(SA1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.33 South abutment steel pile incremental axial load versus meter temperature 
(SA5) 
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Figure 4.34 North abutment steel pile incremental axial load versus meter temperature 
(NA1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.35 North abutment steel pile incremental axial load versus meter temperature 
(NA4) 
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Figure 4.36 North abutment steel pile incremental axial load versus meter temperature 
(NA8) 
 
For the north abutment piles, a relationship between the incremental axial load direction and pile 
location with respect to mid-width of the bridge is also apparent, similar to that on the south 
abutment. The incremental axial load in pile NA1, which is the pile on the west side of the 
bridge, becomes more compressive as the temperature increased. For pile NA4, which is the pile 
closest to mid-width of the bridge, the incremental axial load became more tensile as the 
temperature increased. For pile NA8, which is on the east side of the bridge, Figure 4.36 shows 
that the incremental axial load became more compressive as the temperature increased, which is 
similar to the behavior exhibited by pile NA1. Note that there may to be issues with the data for 
pile NA8 as the incremental axial load does not return to zero. This was also seen in the 
incremental axial strain in Figure 4.21, but causes for this behavioral response are unknown. 
Similar behaviors occurred for all piles during the daily variation of the incremental axial load, 
with the incremental axial load. For the piles at the mid-width of the bridge, the incremental axial 
load became more tensile as the temperature increased while for the piles at the sides of the 
bridge, the incremental axial load became more tensile as the temperature increased.   
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Studies in Minnesota (Lawver et al) show similar behavior for the piles of an integral abutment 
bridge. In the study by Lawver et al., the piles near the sides of the bridge experienced a decrease 
in axial strain (becoming more compressive) with increasing temperature, and the piles closer to 
the mid-width of the bridge experienced an increase in axial strain (becoming more tensile) with 
increasing temperature. In the Minnesota study, this pile, axial-load behavior was explained by 
those authors as sun induced load variations. Throughout the day, solar radiation would affect 
one side of the deck more than the other, causing the pile, thermally-induced loads on that side of 
the bridge to be different than the loads on the other side of the bridge.  
 
In a study by Ooi et al. of an integral abutment bridge in Hawaii supported by concrete drilled 
shafts, varying directions of axial load with temperature was noticed in the drilled shafts 
depending upon whether it was interior or exterior. Ooi et al. observed more compressive strain 
with increasing temperature in exterior piles and the opposite behavior in the interior piles. In 
this study, the behavior was explained by sun induced thermal loads as well as stream loads.  
 
In a study in Pennsylvania (Kim and Laman 2009), two piles in one abutment were instrumented 
with strain gages for four integral abutment bridges. The piles were located near the third points 
of the abutment width, close enough to mid-width to be classified as interior piles. Similar to the 
behavior of the steel piles for the 9th Street bridge, a cyclical behavior was reported for axial load 
in the piles. For several of the Pennsylvania bridges, the pattern of increasing axial load 
(becoming more tensile) was reported for increasing temperatures, which is an identical behavior 
for the interior piles of the 9th Street bridge and for the bridge monitored by Lawver et al. 
 
 
4.2.6 Steel Pile Incremental Axial Load and Temperature Gradient  
Alongside the reasons mentioned previously for the cause of the differing directions of axial load 
depending on pile location, another plausible reason would be a temperature gradient occurring 
in the bridge deck and abutment. Temperature was not recorded in the deck, but it is possible that 
the top surface of the deck on a sunny day would be warmed by the sun, causing the top of the 
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deck to be considerably warmer than the bottom of the deck and abutment. Vice versa, on a cold 
day, snow, or ice could cause the top of the deck to be colder than the more insulated bottom of 
the deck. The temperature in both of these cases could be assumed to vary linearly throughout 
the depth of the abutment and deck. On a hot and sunny day, the warmer top of the deck would 
expand a different amount than the cooler bottom of the deck. This would then cause a concave 
downwards curvature of the cross-section of the deck that could affect the axial load in the steel 
piles.  
 
In order to model the affects a temperature gradient through the depth of the bridge abutment, a 
computer model was created of each abutment. Because this study is focused only on the 
temperature gradient affects on the pile incremental axial load, nothing but the abutment and 
steel piles were modeled in order to isolate the effects of the temperature gradient. The model 
that was created using the commercial software program STAAD-III is shown in Figure 4.37 and 
Figure 4.38. The abutment was modeled as a reinforced concrete rectangular section with the 
piles modeled as the specific HP-shapes that were installed (ten HP10x57 on the north abutment  
and eleven HP12x84 on the south abutment). The piles were modeled to connect to the abutment 
concrete beam with a connection in which only the horizontal movements were constrained. In 
other words, the pile heads were allowed up and down movement. The piles were fixed at the 
bottom where they are embedded into the concrete drilled shafts.  
 
Four load cases were used in the STAAD model as summarized in Table 4.2. Due to lack of 
information about the bridge superstructure temperature, two temperature gradients were 
assumed across the abutment section, an average gradient of ±15°F, and a more extreme gradient 
of ±30°F. Temperature gradient in STAAD, as well as in this report, is defined as the bottom 
deck temperature subtracted from the top temperature. Therefore a positive gradient would mean 
the top of the deck is warmer than the bottom. 
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Figure 4.37 North Abutment STAAD Model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.38 South Abutment STAAD Model 
 
 
 
 
 
 
 
 
Fixed connection of 
pile/drilled shaft 
HP12x84 
Connection of 
pile/abutment 
Fixed connection of 
pile/drilled shaft HP10x57 
Connection of 
pile/abutment 
70 
 
Table 4.2 Summary of STAAD Load Cases 
Temperature Gradient (°F) 
Load Case 1 15 
Load Case 2 -15 
Load Case 3 30 
Load Case 4 -30 
 
 
After analyzing the structure with the four load cases, the deflected shape of the abutment was 
plotted. As expected, the abutment curves with the temperature gradient. Figure 4.39 and Figure 
4.40 show the deflected shape plotted from STAAD.  Note that the deflections are not to scale in 
the images. The maximum deflection from the STAAD analysis occurred at the end steel piles 
for all load cases. For the north abutment, the maximum deflection for all load cases occurred in 
load case 3 and 4, with the end of the abutment deflecting ±0.021 in. (load case 3 is negative, as 
seen in the following figure). For the south abutment, the maximum abutment deflection was 
±0.016 in., occurring in load cases 3 and 4 as well. 
 
The incremental axial load in the monitored steel piles due to the change in temperature was 
obained from the STAAD results and summarized in Table 4.3 and Table 4.4. Using the 
incremental axial load obtained from the STAAD output, incremental axial strain in the piles was 
calculated as well. The maximum incremental axial load of the three monitored north abutment 
piles occurred in pile NA4, load cases 3 and 4, with a value of approximately ±21 kips (load case 
3 is positive). The south abutment monitored steel pile maximum incremental axial load occurred 
in pile SA5 for load cases 3 and 4 as well, with a value of approximately ±11 kips (load case 3 is 
positive). The incremental axial load in SA1 is practically zero because the deflection at that 
specific point is close to zero as seen in the deflected shape. These maximum incremental loads 
are for the monitored steel piles, but do not represent the overall maximum incremental axial 
load induced from the temperature loading. The maximum incremental axial load occurs at the 
end piles for both abutments, as that is where the maximum deflection occurs. These maximum 
values for the north and south abutment are ±45 kips and ±51 kips, respectively, with both being 
a result of load case 3 and 4. The differences in how the abutments deflect could be due to the 
different abutment sizes (i.e. the south abutment is wider with one more pile), pile spacing, and 
the differing pile sizes.  
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Figure 4.39 South Abutment STAAD Analysis Deflected Shape 
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Figure 4.40 North Abutment STAAD Analysis Deflected Shape 
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Table 4.3 Summary of North Abutment STAAD Results 
 
NA1 NA4 NA8 
Load (k) Strain(µε) Load (k) Strain(µε) Load (k) Strain(µε) 
Load Case 1 -3.26 -4.56 10.39 14.56 -3.26 -4.56 
Load Case 2 3.26 4.56 -10.39 -14.56 3.26 4.56 
Load Case 3 -6.51 -9.13 20.77 29.12 -6.51 -9.13 
Load Case 4 6.51 9.13 -20.77 -29.12 6.51 9.13 
 
Table 4.4 Summary of South Abutment STAAD Results 
 
SA1 SA5 
Load (k) Strain(µε) Load (k) Strain(µε) 
Load Case 1 -0.01 -0.02 5.34 7.49 
Load Case 2 0.01 0.02 -5.34 -7.49 
Load Case 3 -0.03 -0.04 10.68 14.98 
Load Case 4 0.03 0.04 -10.68 -14.98 
 
A general trend is apparent in the STAAD analysis is that with a positive temperature gradient 
(i.e. the top of the deck is warmer than the bottom), interior piles are in tension and exterior piles 
are in compression. The opposite occurs with a negative temperature gradient. This trend 
matches that of the 9th Street Bridge piles if the assumption is made that the positive temperature 
gradient occurs in the summer, when the sun would be hitting the deck, and the negative 
temperature gradient occurs in the winter, when the ground keeps the bottom portion of the 
abutment at temperature levels that do not very as much as the upper portion of the abutment.  
 
Figure 4.41 and Figure 4.42 plot ΔP versus temperature as recorded by the strain gages and as 
calculated in the STAAD model. Using the steel pile plots of ΔP versus temperature discussed 
earlier, the incremental axial load is plotted for the four load cases as a line on two of these plots.  
From these plots, it is apparent that the temperature gradient in the deck does not cause a large 
amount of difference to the magnitude of the incremental axial load, but the sense of the 
incremental axial load does match that which was found experimentally on the bridge. Though 
there is no experimental data to provide evidence of how great the temperature gradient is or if it 
exists in the bridge deck, it still could add to the cause of the phenomena of differing incremental 
axial load directions with pile location seen on the 9th Street Bridge, as well as in other projects. 
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Figure 4.41 Pile NA4 incremental axial load versus temperature with STAAD results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42 Pile SA5 incremental axial load versus temperature with STAAD results 
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4.3 Concrete Drilled Shaft Behavior 
4.3.1. Drilled Shaft Coordinate System and Analysis 
 
Three drilled shafts were instrumented with strain gages, as discussed in Chapter 3. Figure 3.9 
and Figure 3.10 are elevation views of the drilled shafts which show where the gages were 
installed along the length of the shaft. The strain data for the drilled shafts can be used to 
calculate the incremental longitudinal strains that were induced by axial force and x-axis and y-
axis moments. Given the goals of this work, only the incremental drilled shaft axial strain was of 
interest and is reported here.   
 
For the steel pile strain analysis, the incremental axial strain at a pile cross section was the 
average of the four gage readings, since the gages were symmetrically placed.  This is not the 
case for the strain calculations for a drilled shaft cross-section because the gages were not 
symmetrically positioned around the circumference of the drilled shaft. Figure 4.43 shows the 
location of the gages with respect to the coordinate system. The gages were located a distance R 
from the center of the shaft and at an angle θi from the x-axis.  Because the pier shafts are larger 
than the abutment shafts, the gage angles are slightly different from each other.  Note that for 
convenience the xy-coordinate system for the abutment drilled shafts (Figure 4.43) match that for 
the steel piles (see Figure 4.15). For the drilled shaft at the south pier, the axes directions match 
those of the south abutment.   
 
 
 
 
 
 
 
 
 
Figure 4.43 Drilled shaft gage locations and numbering for analysis 
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For the unsymmetrical gage geometry at a drilled shaft cross section, the incremental 
longitudinal strains at the four gage locations are given by: 
                       
xya εθεθεε ∆+∆+∆=∆ )sin()cos( 111     Equation 4.14 
xya εθεθεε ∆+∆+∆=∆ )sin()cos( 222
 
 Equation 4.15 
xya εθεθεε ∆+∆+∆=∆ )sin()cos( 333    Equation 4.16 
xya εθεθεε ∆+∆+∆=∆ )sin()cos( 444    Equation 4.17 
 
where: 
Δεa = incremental axial strain at gages, 
Δεx = incremental strain due to bending strain about x-axis,  
Δεy = incremental strain due to bending strain about y-axis, and 
θi   = angle from x-axis to ith gage. 
 
 
Putting these four strain equations into vector and matrix form, Equation 4.18a is formed, where 
B is the incremental strain vector, Y is the strain gage reading vector, and A is a 4x3 matrix. The 
incremental axial strain, Δεa, is solved by premultiplying Equation 4.18a by AT, obtaining 
Equation 4.18b, and using the least squares method (Bretscher 1995). 
 
( = )*    Equation 4.18a 
)+( = )+)*          Equation 4.18b 
 
Solving Equation 4.18b for B gives the result: 
 
∆ = ∆ +  ∆ + !∆! + "∆"  Equation 4.19 
 
where: 
ci = coefficient determined through least squares method 
 
Due to the arrangement of the gages in both the abutment and pier shafts, the coefficients for 
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incremental axial strain are calculated to be the same, a value of 0.25.  
 
The incremental axial load at a cross section in a drilled shaft was then calculated as: 
)( sscca AEAEP +∆=∆ ε    Equation 4.20  
where: 
Ec   = modulus of elasticity of concrete, 4500 ksi, 
Es   = modulus of elasticity of steel, 29000 ksi, 
Ac  = area of concrete in drilled shaft cross section, and 
As  = area of steel in drilled shaft cross section 
 
Testing of concrete test cylinders by others yielded the concrete compressive strengths from 
which the modulus of elasticity was approximated to be equal to 4,500 ksi.  
 
4.3.2.  Drilled Shaft Strain and Load due to Construction Loads 
 
Construction strain readings in the drilled shafts were taken periodically throughout construction 
of the 9th street bridge. Yet the readings appeared to be unusable after analysis. The readings are 
believed to be unusable because of the large shrinkage and creep occurring in the concrete after 
placement. None of these construction strains were used in any of the analyses summarized 
herein due to that fact.  
 
Based on calculations of bridge material volume and properties, construction dead loads and 
strains were estimated per drilled shaft on the bridge abutments and south pier. Five events were 
used in these calculations: steel pile installation, pier concrete placed, abutment pile caps 
concrete placed, girder setting, and deck/abutments concrete placed. Figure 4.44 shows the 
estimated dead loads and strains plotted on the same graph for the north and south abutment 
drilled shafts. Figure 4.45 plots the dead loads and strains for the south pier drilled shafts. The 
highest strain and load due to dead load on the abutments was approximately 30 microstrain or 
90 kips in compression on the north abutment. For the south pier, the highest strain and load 
calculated was approximately 85 microstrain or 79 kips in compression. The south abutment had 
slightly smaller strains than the north abutment, which is due to the flared abutment and the 
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additional drilled shafts on the south end (13 versus 12). The south pier had maximum 
construction values of approximately 82 microstrain or 380 kips in compression. These values of 
load and strain are compared and discussed further in the following sections of the report. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.44 Construction loads and strains per drilled shaft for north and south abutments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.45 Construction loads and strains per drilled shaft for the south pier 
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4.3.3.  Typical Strain Data and Filtration Process 
 
Strain readings from the concrete drilled shaft gages were zeroed on December 13th, 2008 at 
12:00 PM. A few gages located in the monitored drilled shaft at the north abutment appeared to 
have recorded some “polluted” data. Typical examples of such data are shown in Figure 4.46.   
Although the source of the extraneous data could not be identified, it was determined that these 
were not “real” and strain data larger than 10 με were discarded.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.46  Unfiltered incremental strains for one of the bottom gages in the monitored 
drilled shaft at the north abutment 
 
 
 
 
 
 
Discarded data 
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4.3.4.  South Abutment Axial Strain and Load Results 
 
Using the strain evaluation procedure, incremental axial strain, Δεa, was calculated at the 
elevations of the strain gages for all three drilled shafts.  Figure 4.47 shows these strain 
variations with time in a drilled shaft that supports the south abutment. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.47 Incremental axial strains at the three gage elevations in the monitored drilled 
shaft at the south abutment 
 
The incremental axial load, ΔP, at the three gage elevations was also calculated and these 
incremental load variations are plotted in Figure 4.48.  Note that the incremental axial load 
changed more at the top gage cross section than at the bottom gage cross section. For the “spring 
date” indicated by the bold vertical line shown in this figure, the changes in the incremental axial 
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load are tensile. For the “fall date” also indicated by the bold vertical line in this figure, the 
changes in the incremental axial load are compressive.   
Daily variations of the load ΔP are represented in Figure 4.48 by the overall height of each band 
of data.   Daily variation in the load, ΔP, is plotted versus time for the fall date in Figure 4.49.  
This daily variation becomes clearer in this figure, where the load ΔP is varying by as much as 
almost 20 kips.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.48 Incremental axial load at the three gage elevations in the monitored drilled 
shaft for the south abutment 
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Figure 4.49 Fall date variation in the incremental axial load in the monitored drilled shaft 
for the south abutment 
To calculate the incremental axial load at the top and bottom of an abutment drilled shaft, a 
quadratic extrapolation was performed using the computed loads ΔP at the three gage elevations. 
Figure 4.50 shows the results of the quadratic fit for one specific time during each of the three 
dates marked in Figure 4.48. The difference in the incremental axial load between the top and 
bottom cross sections for the drilled shaft is the skin frictional force along the length of the 
drilled shaft. Figure 4.51 shows the sign convention used for positive incremental axial forces at 
each of a drilled shaft and for positive, average ,skin frictional force along the length of the 
drilled shaft. Figure 4.52 shows the incremental axial load at the top and bottom of the shaft and 
skin friction along the shaft depth for the three dates. There is a difference in how the 
incremental axial load changed from bottom to top of the monitored drilled shaft at the south 
abutment for the spring and fall dates. In the spring, the compressive incremental axial load 
increased in tension from the bottom to the top of the drilled shaft. In the fall, the compressive 
incremental axial load increased from the bottom to the top of the drilled shaft. For the summer 
date, there is little change with the top and bottom axial load having very close values.  
+ΔP 
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For the drilled shaft analysis, an average, skin friction, ∆f, was calculated as the difference 
between the top and bottom incremental axial load values divided by the circumferential area 
between the top and bottom of the shaft (Equation 4.21). Note that positive Δf is downward as 
shown in Figure 4.51. 
hD
PPf bottomtop
pi
∆−∆
=∆
    Equation 4.21 
where, 
D    = drilled shaft diameter, 
h     = height of the shaft, 
∆Ptop     = Incremental axial load at the top of the shaft, and 
∆Pbottom  = Incremental axial load at the bottom of the shaft. 
 
The direction of the skin friction changes between the spring and the fall of 2009.  As shown in 
Figure 4.52a for the selected spring date, the direction of the skin-friction is downward on the 
shaft, and the incremental axial load changes from tension at the bottom of the shaft to tension at 
the top of the shaft. As shown in Figure 4.52c, for the selected fall date, the direction of the skin 
friction is upwards on the shaft, and the magnitude of the compressive, incremental axial load 
increases from the bottom to the top of the shaft. At the “summer date”, there is a transition in 
how the incremental axial load changed with depth.  The magnitude of the incremental axial load 
and skin friction are small during this transition period.  
The extrapolated, incremental axial load at the top and bottom of the monitored drilled shaft for 
the south abutment is plotted versus time in Figure 4.53 and Figure 4.54. At the top of the 
monitored drilled shaft, the range of incremental axial load is around 100 kips for the yearly 
cycle. As expected, a significantly lower range of about 60 kips occurred for the incremental 
axial load for the yearly cycle at the bottom of the shaft.   
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Figure 4.50 Incremental axial load along the length of the monitored drilled shaft for the 
south abutment for the selected spring, summer and fall dates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.51 Incremental axial load and soil friction sign convention 
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Figure 4.52 South abutment drilled shaft free body diagrams for spring, summer and fall 
dates 
 
 
Dead load calculations in the previous section yielded a total dead load per shaft of 
approximately 80 kips for a shaft supporting the south abutment. The range of incremental axial 
load, due to temperature loads, was 100 kips, slightly higher than that induced from dead loads. 
From this comparison, one might conclude that the incremental loads induced from temperature 
loading on the bridge affect the shaftsat leastif not more than that caused by the initial 
construction loads. 
Figure 4.55 shows the variation in the incremental, average skin friction on the monitored drilled 
shaft for the south abutment with time. During the time interval between the Winter of 2008 and 
Spring of 2009 the average, skin friction was directed downward along the shaft (positive Δf), 
which matches what was seen in Figure 4.52.  Then during the Fall and the Winter seasons of 
2009, the average, soil friction was directed upwards on the shaft. About a 0.4-kip/ft2 range 
occurred for the incremental, average skin friction during the monitoring period.  
According to load testing performed on the bridge by LOADTEST, Inc., maximum skin friction 
values for the soil near the bridge were determined for five different elevations of an 
27 k 
5 k 
0.127 k/ft2 
a. Spring Date b.  Summer Date c. Fall Date 
+ΔP 
+Δf 
0.05 k 
0.04 k 
0.000 k/ft2 
22 k 
0.97 k 
0.121 k/ft2 
86 
 
approximately 65 ft deep test shaft under a 346 kip load. These skin friction values were not 
ultimate values, but the maximum obtained throughout testing. For elevations of the shaft in firm 
glacial clay (top half to three-quarters of the drilled shafts), the skin friction ranged from 0.2 to 
0.7 kip/ft2. For elevations of the shaft drilled in very firm sandy glacial clay (lower quarter to 
half of the drilled shafts) skin friction ranged from 2.8 to 5.4 kip/ft2. The average, incremental 
skin friction discussed previously is calculated for the whole length of the shaft, and not specific 
soil layers, so comparisons between the calculated incremental skin friction to the test results can 
only be in range. From the results shown in Figure 4.55, the calculated average, incremental skin 
friction for the south abutment drilled shaft falls within the two ranges of maximum skin friction 
for the two different soil types, which would be expected. 
4.3.5.  North Abutment Axial Strain and Load Results 
 
Figure 4.56 shows the variation in the incremental axial load at the three gage elevations for the 
strain gages in the monitored drilled shaft north abutment.  The shape of the incremental axial 
load data is different from that for the south abutment. The north abutment incremental axial load 
tends toward tension for most of year, whereas at the south abutment monitored shaft, the 
incremental axial load tends towards compression for half of the year, and tension for the other 
half.  
 
Using the quadratic-curve fit for the incremental axial load at the three gage elevations, the 
incremental axial load at the top and bottom of the monitored north abutment shaft are shown in 
Figure 4.57 and Figure 4.58, respectively.  The ranges in the incremental axial load are similar to 
those for the south abutment for both yearly and daily variations at the top and bottom of the 
monitored drilled shaft.  The incremental axial load at the top of the north abutment monitored 
drilled shaft returns to zero at the end of the yearly cycle, while the incremental axial load at the 
bottom of the shaft appears to not return to zero. 
 
 
 
 
87 
 
1/1/2009 4/1/2009 7/1/2009 10/1/2009 1/1/2010 4/1/2010
-100
-80
-60
-40
-20
0
20
40
60
80
100
∆
P 
(k
)
Date
South Abutment Concrete Drilled Shaft ∆P at Top
Spring 09
Winter 08
Summer 09
Fall 09
Winter 09
Fall DateSpring Date Summer Date
1/1/2009 4/1/2009 7/1/2009 10/1/2009 1/1/2010 4/1/2010
-100
-80
-60
-40
-20
0
20
40
60
80
100
∆
P 
(k
)
Date
Winter 08
Spring 09
Summer 09
Fall 09
Winter 09
Spring Date Fall DateSummer Date
 
 
 
 
 
 
 
 
 
Figure 4.53 Incremental axial load at top of the monitored drilled shaft at the south 
abutment 
 
 
 
 
 
 
 
 
 
 
Figure 4.54 Incremental axial load at the bottom for the monitored drilled shaft at the 
south abutment 
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Figure 4.55 Incremental, average skin friction along the length of the monitored drilled 
shaft for the south abutment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.56 Incremental axial load at three gage elevations within the monitored drilled 
shaft for the north abutment 
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The relationship between time and incremental axial load at the top of the monitored drilled 
shafts for the north and south abutments was similar. In the Spring of 2009, the incremental axial 
load at the top of the monitored drilled shaft for both abutments tended towards tensile 
incremental load. In the Fall of 2009, the incremental axial loads for both abutments tend 
towards a compressive incremental load.  
 
The range of incremental axial load at the top and bottom of themonitored drilled shaft for the 
north abutment was approximately 80 kips and 40 kips, respectively. From the dead load 
calculations, the initial construction load per shaft on the north abutment was approximately 90 
kips. Much like the south abutment, the temperature induced incremental axial loading in the 
north abutment shafts was approximately the same magnitude as the initial dead load calculated 
per shaft. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.57 Incremental axial load at the top of the monitored drilled shaft for the north 
abutment 
+ΔP 
90 
 
1/1/2009 4/1/2009 7/1/2009 10/1/2009 1/1/2010 4/1/2010
-100
-80
-60
-40
-20
0
20
40
60
80
100
∆
P,
 
ki
ps
Date
Winter 08
Spring 09
Summer 09
Fall 09
Winter 09
 
 
 
 
 
 
 
 
 
 
Figure 4.58 Incremental axial load at the bottom of the monitored drilled shaft for the 
north abutment 
 
Figure 4.59 shows how the incremental, average skin friction along the circumference of the 
monitored drilled shaft for the north abutment changed from December of 2008 through January 
of 2009. The behavior of this shaft is very different from the south abutment.  The incremental, 
average skin friction is increasing negatively with time.  Also after a yearly cycle, the 
incremental, average skin friction, much like the incremental axial load at the bottom of the 
shaft, does not cycle back to the value for the previous year. Magnitudes of the incremental, 
average skin friction on the monitored shafts for the south and north abutment are similar, though 
their relationships with time are not similar. The range of the incremental average skin friction 
on the north abutment fits within the range of skin friction determined through load testing, 
similar to that of the south abutment. 
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4.3.6.  Abutment Steel Pile and Drilled Shaft Load Comparison 
 
The steel piles supporting the bridge abutment are embedded into the tops of the drilled shafts, 
which is illustrated in Figure 3.3.  Figure 4.60 and Figure 4.61 show the incremental axial load in 
the monitored steel pile at the bottom gage location versus the incremental axial load at the top 
of the monitored drilled shaft for the south and north abutments, respectively. If the loads in the 
steel pile and the drilled shaft were the same, the relationship would be represented in these 
figures by a strain line with a slope of unity. This linear relationship is shown in these figures for 
comparative purposes. At the south abutment, a linear load relationship is apparent for the 
incremental axial load in the steel pile and in the drilled shaft, although the seasonal load 
relationships are clearly clustered.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.59 Incremental, average skin friction on the monitored drilled shaft for the north 
abutment 
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Figure 4.60 Incremental axial load for the monitored steel pile versus drilled shaft for the 
south abutment 
Although the south abutment does not show a clear linear load relationship between the 
incremental axial load in the steel pile and in the drilled shaft, there is a more clear relationship 
between these loads at the north abutment than these loads at the south abutment.  Also, the 
seasons are more clearly defined in Figure 4.61 that that for Figure 4.60. 
 
A possible explanation for the differences in the incremental axial load between the steel pile and 
drilled shaft could involve the coefficient of thermal expansion and modulus of elasticity of 
concrete that were used in the evaluation of the incremental axial load in the drilled shaft. Both 
values were chosen based on previous projects with concrete drilled shafts because data were not 
available for the concrete that was used for the 9th Street shafts.  Changing the coefficient of 
thermal expansion for the concrete ±0.5 µε/˚F alters the values and directions of the incremental 
axial load in the drilled shafts.  
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Figure 4.61 Incremental axial load for the monitored steel pile versus the monitored drilled 
shaft for the north abutment 
 
 
Another reason for the discrepancy between the drilled shaft and steel pile incremental axial load 
is the load transfer between the steel pile and the drilled shaft. The top drilled shaft gage is 
located 2 ft, 2 in. from the top of the shaft. The steel pile is embedded into the drilled shaft for 
approximately 6 ft. The axial load from the steel pile may not be completely transferred to the 
concrete until the end of that embedment length. Therefore the gages at the top gage location of 
the drilled shaft may only be measuring only part of the transferred load from the steel pile, not 
the total. For future work, the axial load in the drilled shaft could be interpolated using the 
middle and bottom gages along with the bottom gage of the steel pile, ignoring the top drilled 
shaft gages. 
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4.3.7.  South Pier Axial Strain and Load Results 
 
The south pier instrumented drilled shaft location is shown in Figure 3.1. This drilled pier shaft is 
88 ft long (recall that the abutment drilled shafts are 22 ft long).  Figure 4.62 shows the 
incremental axial load calculated at each gage elevation (Figure 3.10). The magnitudes of these 
loads at the top two gage elevations are significantly higher than that in the abutment drilled 
shafts (Figure 4.48 and Figure 4.56).  Also note that the top and second gage elevations show 
significantly more change in incremental axial load than that in the other four gage elevations in 
the monitored drilled shaft at the south pier.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.62 Incremental axial load at six gage elevations within the monitored drilled shaft 
for the south pier 
 
 
Using the same three Fall, Spring and Summer dates that were selected for the previous 
incremental axial load discussion, Figure 4.63 shows the incremental axial load versus gage 
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location along the height of the pier shaft.  The slope of the line connecting the calculated load 
points may be a measure of the incremental skin friction between the two cross-sections.   
 
 
 
 
 
 
 
 
 
 
Figure 4.63 Incremental axial load along the length of the monitored drilled shaft for the 
Spring, Summer and Fall dates 
Since gages were installed very close to the top and bottom of the drilled shaft (Figure 3.10), 
curve-fitting techniques were not needed to establish the incremental axial load at the top and 
bottom of the drilled shaft.  Figure 4.64 and Figure 4.65 show these calculated axial loads at the 
top and bottom of the drilled shaft, respectively. The range of incremental axial load at the top of 
the pier shaft is around 100 k, as shown in Figure 4.634. The sense of the incremental axial load 
in the pier shaft is similar to that for the abutment shafts, with an increase in compression from 
the bottom to the top in colder seasons and a decrease in compression from the bottom to the top 
in the warmer seasons. The range in the incremental axial load is significantly smaller at the 
bottom gage elevation that that for the top gage elevation. 
 
The estimated dead load per south pier shaft is approximately 370 kips, which is almost four 
times the range of temperature induced incremental axial load shown in Figure 4.64. On the  
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Figure 4.64 Incremental axial load at the top of the monitored drilled shaft for the south 
pier 
abutment drilled shafts, the temperature induced incremental loading in the shafts was 
approximately the same as the initial dead load in the shafts. This is not true for the pier shafts. 
This could be due to the fact that there are significantly fewer shafts supporting the pier than 
supporting the abutments. This could also be due to the amount of load the piers are designed to 
withstand as opposed to the abutment shafts. The pier shafts are much larger in diameter and 
depth.  
As illustrated in Figure 4.63, the incremental skin friction appears to change with depth.  
Equation 4.6 was used to calculate average, incremental skin friction for the monitored drilled 
shaft at the south pier and the results are plotted in Figure 4.66. In the spring and summer, the 
skin friction is pulling down on the shaft, while in the winter and fall it pushed up on the shaft.  
The direction of the skin friction differs somewhat from that for the shaft at the south abutment 
(Figure 4.55) and differs significantly from that for the north abutment (Figure 4.59). Similar to 
the abutment shafts, the range of the incremental average skin friction is within the test shaft 
loading results. 
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Figure 4.65 Incremental axial load at the bottom of the monitored drilled shaft for the 
south pier 
 
 
 
 
 
 
 
 
 
Figure 4.66 Incremental average skin friction on the monitored drilled shaft for the south 
pier 
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4.3.8.  Drilled Shaft Stress Assessment 
 
The maximum ranges of incremental axial strain, ∆εa, from the three monitored drilled shafts 
were used to calculate the maximum, incremental axial stress ranges, ∆σa, at the top and bottom 
of each shaft. These strain and stress ranges are listed in Table 4.5. The incremental axial stress 
range was calculated by multiplying the incremental axial strain range by the concrete’s modulus 
of elasticity, which was assumed to be equal to 4,500 ksi. These incremental strain and stress 
ranges are very small and not seen as problematic. 
 
Table 4.5 Incremental axial strain and stress ranges for the monitored drilled shafts 
 
Drilled Shaft 
South Abutment North Abutment South Pier 
Δεa (µε) at top 14 12 17 
Δεa (µε) at bottom 10 10 6 
Δσa  (psi) at top 64 53 74 
Δσa  (psi) at bottom 44 44 25 
 
4.3.1 Soil Profile and Incremental Axial Load/Skin Friction 
The soil type varies, though not drastically, through the depth of the three monitored drilled 
shafts for the bridge as mentioned previously. An alternative method of analysis of the 
incremental axial load and skin friction analysis would be to look at the results with comparison 
to the soil profile and make connections between the two. The majority of the soil surrounding 
the drilled shafts is a type of glacial clay.  
 
The south abutment incremental axial load and incremental skin friction for the three specific 
dates during the Fall, Spring, and Summer mentioned previously are plotted in Figure 4.67 and 
Figure 4.68. Alongside the plotted quadratic and linear formulas in the two graphs is the soil 
profile for that monitored drilled shaft. The first three quarters of the south abutment drilled shaft 
is embedded in firm glacial clay while the last quarter is embedded in a very firm sandy glacial 
clay. Similar plots for the north abutment drilled shaft are shown in Figure 4.69 and Figure 4.70. 
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For the north abutment drilled shaft, the soil changes from a firm sandy glacial clay to a very 
firm sandy glacial clay approximately half way down the depth of the shaft.  
 
A comparison can be made between the different abutment shafts using these figures. The south 
abutment drilled shaft has values of incremental axial load that are close to zero at the bottom of 
the drilled shaft for the three dates. The north abutment incremental axial load values at the 
bottom of the shaft for the three dates are not close to zero, but all greater that 12 kips. This 
could be due to the fact that the north abutment shaft is embedded in a sandy glacial clay for the 
whole depth where as the south abutment shaft is embedded mainly in a firm glacial clay. A 
sandy clay would be less cohesive than just a clay, causing skin friction to be less between the 
shaft a soil. If there is less skin friction, then there would be more end bearing for the shaft, 
which is shown in the figures for the north abutment. 
 
The monitored south pier drilled shaft incremental axial load can also be analyzed like the two 
abutment shafts were above, considering the soil profile alongside it. Figure 4.71 plots the 
incremental axial load with depth for the south pier drilled shaft alongside the soil profile. 
Similar to the abutments, the south pier drilled shaft is embedded in some type of glacial clay. 
For the pier shaft, the majority of it is embedded in a very firm sandy glacial clay while the end 
quarter of it is embedded in a firm to very firm glacial clay.  
 
The last two gage elevations on the pier shaft show a change in direction of the axial load, close 
to where the soil profile switches from the sandy glacial clay to the glacial clay. A correlation 
could be drawn from this that the increase in cohesion in the soil switched the direction of the 
incremental axial load. It should be noted that for all these conclusions related to soil profile, 
nothing can be fully determined unless more lab testing on the soil was performed, but it is 
important to note the possibly correlations between the two. Although as expected and discussed 
previously, these values of skin friction fall within the values obtained during shaft testing. 
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Figure 4.67 South abutment incremental axial load with depth for Fall, Spring and 
Summer dates with soil profile 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.68 South abutment incremental skin friction with depth for Fall, Spring and 
Summer dates with soil profile 
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Figure 4.69 North abutment drilled shaft incremental axial load with depth for Fall, Spring 
and Summer dates with soil profile 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.70 North abutment drilled shaft incremental skin friction with depth for Fall, 
Spring and Summer dates with soil profile 
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Figure 4.71 South pier drilled shaft incremental axial load with depth for Fall, Spring and 
Summer dates with soil profile 
 
4.3.2 Coefficient of Thermal Expansion Effects on Incremental Axial Strain 
As mentioned previously, the value of the coefficient of thermal expansion, or alpha, can change 
the incremental axial strain results significantly. The strain measured and the temperature 
induced strain are comparable in magnitude, meaning the strain induced from temperature 
loading in the shaft is just as big as strain from bridge loading. When correcting the strain 
readings for the coefficient of thermal expansion differences between the concrete and steel 
rebar, the correction value is large enough to make a difference in the value and direction of the 
strain. A sensitivity study was performed for three alpha values for both abutment shafts. To 
analyze the results of the different alphas, the incremental axial strain at the gage locations was 
plotted next to each other for the three different alphas. 
 
Figure 4.72 shows the incremental axial strain in the monitored, south abutment, drilled shaft at 
the three gage elevations for three different coefficient of thermal expansion values. For the 
103 
 
middle and bottom gages, the value of axial strain appear to tend more towards compression as 
alpha is increased, in other words the incremental axial strain decreases. For the top gage, the 
trend is slightly different. Not only do the values change for the top gages, but the shape of the 
strain pattern changes. From winter 2008 until summer 2009, as alpha is increased, the value of 
incremental axial strain tends more towards compression for the top gage. After the summer of 
2009, as alpha is increased, the shape in axial strain changes for the top gages. Whereas with an 
alpha of 4.5, the minimum amount of incremental axial strain at the top gage location reached as 
much as almost -15 microstrain, for an alpha of 5.5, the minimum is only around -10 microstrain. 
Though it is only a 5 microstrain difference, it could still make a difference when used for 
calculating the incremental axial load depending on the drilled shaft dimensions. 
 
The north abutment incremental axial strain comparison with varying alphas is plotted in Figure 
4.73. The north abutment incremental axial strain in the middle and bottom gages changes 
similar to how it does on the south abutment as alpha is increased. For the top gages on the north 
abutment, the actual shape of the data changes. With an alpha of 4.5, the incremental axial strain 
tends towards compression for the first half of the monitoring period, while tending towards 
tension for the majority of the second half of the monitoring period. When alpha is increased to 
5.5, the strain tends towards tension for most of the monitoring period, dipping down to tends 
towards compression in the last few months of monitoring.  
 
From this sensitivity study, it is seen that the value of the coefficient of thermal expansion is an 
important value to be certain of when it comes to strain in concrete drilled shafts. The value of 
alpha affects the data based on the temperature ranges measured in the drilled shaft as discussed 
in Chapter 3. The top gages, closer to the ground surface, experience more change in temperature 
than the lower gage elevations, likely the reason that the top gage appears to be more affected by 
alpha than the other two. For future work with drilled shafts, testing should be performed to 
ensure the value of alpha is known with some certainty.  
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Figure 4.72 South abutment drilled shaft incremental axial strain alpha comparison 
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Figure 4.73 North abutment drilled shaft incremental axial strain alpha comparison 
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4.4 MSE Wall and Abutment Behavior 
Figure 3.3 showed a cut section through the south abutment and/or MSE wall. To monitor the 
MSE and abutment wall, tiltmeters were installed on the MSE wall at the south abutment and on 
the exposed face of the south abutment wall, as illustrated in Figure 3.14. For this specific 
instrumentation, a positive incremental angle, ∆θ, indicated that the top of the wall tilted towards 
the north as shown in Figure 4.74. Figure 4.75 and Figure 4.76 show the measured angle ∆θ over 
time for the south abutment and south abutment MSE wall, respectively.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.74 Tiltmeter sign convention for south abutment and MSE wall 
 
For the abutment, a seasonal cycle in the incremental angle is apparent as seen in Figure 4.75. In 
the colder months, the top of the south abutment tilted north (positive ∆θ), and in the warmer 
months, it tilted south (negative ∆θ). These directional trends of the incremental rotations match 
the direction of the abutment displacements shown in Figure 4.1.  
 
The measured incremental angle shows a different pattern for the MSE wall than that for the 
abutment, as seen in Figure 4.76. The top of the MSE wall continuously tilted in the positive 
direction, toward the north.  There does appear to be a seasonal cyclic rotation that is 
superimposed on the continuous northerly tilt. This trend in the seasonal cyclic rotation matches 
the seasonal cyclic rotation of the abutment. The abutment tilt appears to be related primarily to 
bridge expansion and contraction, while the MSE wall appears to be affected by the soil pressure 
on the wall as well as the bridge movement. For the MSE Wall near the south abutment, the total 
change in ∆θ for the east end is around 0.8˚, while the seasonal bridge movement cycle range of 
data is around 0.3˚ from peak to peak.  
+Δθ 
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Figure 4.75 South abutment wall ∆θ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.76 South abutment MSE wall ∆θ 
0.3˚ 
0.8˚ 
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Figure 4.77 and Figure 4.78 show the MSE wall change in angle plotted versus the abutment 
change in angle with varying colors representing seasons. Clearly, there are seasonal and daily 
cycles of tilt. However, there is no obvious relationship between the wall and abutment rotations 
at the west end (Figure 4.77). This is also seen in Figure 4.76 where the seasonal cyclic pattern is 
more apparent on the east end than the west. For the east end, the jump seen in Figure 4.78 of Δθ 
increasing with time is also seen in Figure 4.76, where there is a grouping of data in the year 
2008 and then a grouping of data above that for the year 2009.This confirms that the MSE wall is 
being affected by both soil pressure and abutment wall movement, but primarily soil pressure.  
 
As seen in Figure 3.3, there is an overlap between the bottom of the abutment wall and top of the 
MSE wall. In the top portion of the MSE wall overlapping the abutment footing, the abutment 
movements could cause the soil to deflect the wall north as the bridge contracts. Because the 
MSE wall does not have a restoring force, permanent and increasing tilt of the wall away from 
the abutment could occur, which is seen in the results just discussed.  
 
Although MSE wall tilting is an interesting to monitor, it is not necessarily cause for concern. 
MSE walls are designed to withstand movements vertically and horizontally within reason. 
Movement of the wall could be due to other reasons that the abutment movement behind it. 
Settling of the wall over time could cause the wall to tilt. Future studies of this behavior could 
yield better results on what specifically is causing the MSE wall tilt, if not a combination of all 
of the above. 
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Figure 4.77 South abutment wall vs. MSE wall ∆θ (West end) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.78 South abutment wall vs. MSE wall ∆θ (East end) 
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5  SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary of Approach 
The 9th Street Bridge is a unique design for the state of Iowa utilizing integral abutments 
supported on HP-steel piles embedded into concrete drilled shafts. Due to this unique design and 
the potential need for its use in future bridge designs, the 9th Street Bridge was monitored for a 
two-year period by the Iowa State University Bridge Engineering Center. The main objectives of 
the study were to determine load transfer between the substructure and surrounding soil, evaluate 
the effects of the different abutment widths on bridge movements, and to assess load transfer 
between abutment piling and nearby MSE walls. 
 
Strain gages were installed on selected abutment steel piles and drilled shafts, as well as on a 
south pier drilled shaft. Displacement meters were installed underneath the bridge deck to 
monitor span-by-span and bridge change in length. Tiltmeters were placed on the south abutment 
and MSE walls to monitor the interaction between the two. Surveying took place approximately 
bimonthly during the two-year monitoring period to measure longitudinal and transverse bridge 
movement. 
 
Using the surveying measurements, pier and abutment transverse and longitudinal displacements 
were calculated. From these movements, bridge rotation and point of zero movement could be 
determined. Measurements from the displacement meters, as well as surveying, were used to 
calculate bridge and span change in length. 
 
Steel pile strain readings were used to calculate four incremental strain types at the strain gage 
locations: incremental axial, bi-axial bending, and torsional strain. Readings from the strain 
gages in the concrete drilled shafts were used to calculated incremental axial load in the drilled 
shafts. From the incremental axial strain, incremental axial load and incremental average skin 
friction of the shafts were determined as well. An analysis of construction loads in the drilled 
shafts was also performed. 
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5.2 Summary of Results 
5.2.1 Abutment and Pier Displacements 
The range of longitudinal displacement of the north abutment was 0.84 in. and 0.56 in. for the 
south abutment, and the transverse displacement of the north abutment was 0.47 in. and 0.83 in. 
for the south abutment. Using the longitudinal abutment displacement ranges, the point of zero 
movement on the bridge was calculated to be 123 feet from the south abutment. The 
asymmetrical location of the point of zero movement is likely due to the flared abutment on the 
south end and differences in individual span lengths. The cause for larger longitudinal 
movements on the north abutment may also attribute to the fact that the steel piles installed on 
the north abutment were smaller than those installed for the south. 
 
The pier movements in the longitudinal direction were 0.54 in. and 0.42 in. for the north and 
south pier, respectively. The transverse movements for the north pier were 0.54 in. and 0.88 in. 
for the south pier. From the longitudinal pier movements, the point of no movement on the 
bridge was calculated to be close to the same as it was for the abutments, at 130 ft from the south 
abutment. This may indicate that the effective coefficient of thermal expansion of the bridge was 
relatively consistent. 
 
Using the bridge’s transverse movements, rotation of the bridge was calculated to range 
approximately 0.012°. The rotation cycled with seasons, tending toward a more positive rotation 
in colder months and a more negative rotation in the warmer months, with the general sense of 
the bridge rotation being negative (i.e. north abutment moving east and south abutment moving 
west). The total bridge translation measured for the monitoring period was 0.5 in. to the west. 
 
5.2.2 Bridge and Span Change in Length  
Bridge and span change in length from displacement meter data, theoretical calculations, and 
surveying measurements were compared with both time and temperature. For the comparison 
with time, a seasonal cycle was apparent (i.e., in the summer the bridge expands, in the winter it 
contracts). The north span change in length ranged approximately 1 in., while the center and 
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south span change in lengths ranged approximately 0.75 in. The total bridge change in length 
ranged approximately 2.5 in. for a measured temperature range of 120°F.  
 
5.2.3 Steel Pile Incremental Strain Analysis 
The incremental axial strain for each of the steel piles showed a cyclical behavior with season, 
but the cycle “shape” was different for each pile. Incremental axial strain ranged as much as 200 
microstrain for the top gage locations. The incremental bending strain due to bending about the 
x-axis of the steel piles ranged at 200 microstrain for the top gage locations, while the y-axis 
incremental bending strains ranged much higher at 800 microstrain. Incremental torsional strains 
were minimal compared to the other three strains, ranging approximately 25 microstrain at the 
top gage location. 
 
The incremental strains at the bottom gage locations were similar in value to those at the top. The 
incremental y-axis bending strains for the south abutment piles were opposite in direction of the 
strains at the top, which is expected in typical double-curvature bending.  However, the north 
abutment pile NA4 did not show this trend. The direction of the cycle for the y-axis incremental 
bending strains at the bottom was the same as that for the top with slightly less magnitude of 
strain. This could be due to a lack of fixety issue at the bottom for this specific pile. 
 
The total incremental strain for all five piles extrapolated to the flange tips was calculated. The 
highest total strain measured was 1299 microstrain in the north abutment exterior pile, NA1. 
Overall the strains in the north abutment piles were larger than those in the south abutment. This 
was due to the smaller pile size and the greater abutment movement measured on the north 
abutment. 
 
5.2.4 Steel Pile Equivalent Cantilever Model 
An equivalent cantilever model was created, similar to that mentioned in previous work 
(Abendroth and Greimann 2005). Using the equivalent cantilever model, theoretical incremental 
bending strains were calculated based on pile deflection and compared to measured bending 
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strains and abutment displacements. The measured bending strains and abutment displacements 
match the theoretical relationship developed in the model, verifying the appropriateness of the 
equivalent cantilever model used in conventional integral abutment analysis. 
 
5.2.5 Steel Pile Incremental Axial Load vs. Temperature 
From a comparison of incremental axial load at the top steel pile gage location to displacement 
meter temperature, a relationship between pile location and axial load-temperature relationships 
is apparent. For the exterior monitored piles, the incremental axial load decreases as temperature 
increases. For the middle monitored piles, the relationship is opposite; the incremental axial load 
increases as the temperature decreases. 
 
A temperature gradient throughout the bridge deck and abutment are possible reason for this 
behavior of increamental axial load behavior described above. According to a model of both 
abutments created in STAAD, a positive temperature gradient (warmer weather) causes the 
abutment to curve such that the exterior piles tend towards a compressive incremental axial force 
and the interior piles tends towards tension. The opposite is true for a negative temperature 
gradient (colder weather). This matches the results measured for this bridge. 
 
5.2.6 Construction Drilled Shaft Loads and Strains 
Theoretical construction dead loads and strains were calculated per shaft for both abutments and 
the south pier. The maximum construction strain and load for the north abutment were 28 
microstrain and 90 kip in compression, respectively. For the south abutment, the maximum 
construction strain and load were 25 microstrain and 79 kip in compression, slightly smaller than 
the north abutment. The dead load and strains are slightly smaller on the south abutment due to 
the flared south bridge end with more drilled shafts to which the load is distributed. The south 
pier maximum dead strain and load was 82 microstrain and 380 kip in compression, significantly 
larger than the abutment values.  
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5.2.7 North and South Abutment Drilled Shafts 
Incremental axial strain and load as well as average incremental skin friction were calculated for 
the concrete drilled shafts. The south abutment incremental axial load ranged 100 kip for the top 
of the drilled shaft and 60 kip for the bottom, with an average skin friction ranging 0.4 k/ft2 in 
between. The south abutment incremental axial load ranged 80 k at the top of the drilled shaft 
and 40 kip for the bottom, with an average incremental skin friction range of 0.4 k/ft2 in between. 
For both abutments, the range of incremental axial load induced from thermal loading was 
similar to the estimated dead loads. For both abutments, the incremental axial load at the top of 
the shaft tended towards tension in the fall and towards compression in the spring, with a 
transition between incremental load directions in the summer. For the north abutment, unlike the 
south abutment monitored drilled shaft results, the bottom incremental axial load did not return 
to zero. 
 
A comparison of the incremental axial load calculated at the top of the drilled shaft and bottom 
of the steel pile was performed for each abutment. From this comparison, no relationship was 
apparent in the measured data. A linear relationship between the two values was expected, but 
did not occur in either abutment. Reasons for the discrepancy in the value of incremental axial 
load could be due to the material properties used in the correcting the drilled shaft strain. The 
coefficient of thermal expansion of the concrete (α) has an effect on the strain magnitudes and 
directions. A different value of α could yield an incremental axial load in the drilled shafts that is 
closer to the steel pile values. Further, the top gages in the drilled shafts are placed such that they 
are in the embedment length of the steel piles, meaning all of the axial load may not be 
transferred at the point at which the top gages are measuring.  
 
5.2.8 South Pier Drilled Shaft 
The south pier incremental axial load ranged 100 kip for the top of the drilled shaft and 25 kip 
for the bottom with an average skin friction in between ranging 0.1 k/ft2. The incremental axial 
load at the top returns to zero, while at the bottom it does not. The estimated dead load in the pier 
drilled shaft was 380 kip, almost three times the value of the thermal induced load range. Unlike 
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the abutment drilled shafts, the pier shaft is not affected as much by thermal loading as it is by 
the dead loads.  
 
5.2.9 Total Drilled Shaft Stresses 
The maximum range of incremental axial strains and stresses in the bridge’s monitored drilled 
shafts were determined. The maximum stress range occurred at the top for all three drilled shafts, 
with the south abutment, north abutment, and south pier incremental axial stress ranging 64 psi, 
53 psi, and 74 psi, respectively.  
 
5.2.10 Soil Profile and Incremental Axial Load/Skin Friction 
 
Correlations between soil type and skin friction along the depth of the shafts were analyzed. 
Comparing the skin friction results calculated for the monitored shafts on the bridge, the values 
match those measured during a test shaft performed before the bridge was constructed in soil 
near the bridge. 
 
5.2.11 MSE Wall and Abutment Behavior 
From the monitoring of the south abutment wall using tiltmeters, the abutment wall was 
measured to be tilting in a cycle with bridge expansion and contraction. As the bridge expands in 
the warmer months, the abutment wall tilts south. In colder months, the wall tilts in the direction 
of the contraction. The MSE wall tilting behavior was measured to be different than the abutment 
wall. The MSE wall appears to be continuously tilting north with a superimposed cyclic tilting 
behavior from the abutment movement. The total tilt of the MSE wall was measured to be 0.8º, 
with the superimposed abutment movement ranging only 0.3°.   
 
5.3 Conclusions 
5.3.1 Bridge and Span Change in Length 
The bridge was monitored to be moving around one point, rather than shifting one direction with 
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time. The north abutment displaced longitudinally more than the south abutment. This is due to 
the smaller pile size installed on the north abutment, as well as differing span lengths. The flared 
south abutment does not appear to affect longitudinal movement, but could attribute to the higher 
south abutment transverse movements. 
 
5.3.2 Steel Pile Behavior 
Over the two year monitoring period, incremental strains on the south abutment were smaller 
than those on the north abutment. This is likely because of the smaller pile size installed on the 
north abutment. Incremental axial strain cycle “shape” varied on the bridge depending on pile 
location (i.e., if the pile was located mid-width of the bridge versus located on the exterior).  A 
STAAD model confirmed a temperature gradient in the deck and bridge abutment causing this 
phenomenon. This could be a behavior that should be considered in design. 
 
5.3.3 Concrete Drilled Shaft Behavior 
Overall, the concrete drilled shafts appear not to be overstressed. The strains in the pier shaft 
were larger than those in the abutment shafts, yet all strains measured were relatively small. 
From these results, no revisions are apparent in the details of this specific construction and 
design. A sensitivity study on the effects of the coefficient of thermal expansion, alpha, on the 
drilled shafts’ incremental axial strain yielded different results depending on which monitored 
shaft is studied. Yet in all cases, the altering of the alpha value lead to differences in axial strain 
magnitude and sometimes direction. 
 
5.3.4 MSE Wall and Abutment Behavior 
The south abutment wall movement was cycling with bridge expansion and contraction, with a 
very small incremental tilt angle. The south MSE tilted continually north, but appeared to have a 
superimposed cycle due to the temperature induced movements of the abutment. Therefore the 
integral abutment movement is affecting the MSE wall behavior, which should be considered in 
future similar designs.  
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5.4 Recommendations for Future Work 
It is recommended that additional bridges be constructed and monitored using the design of 
integral abutments supported by HP-steel piles embedded in concrete drilled shafts to further the 
knowledge on this specific design. Further monitoring of this specific bridge design would yield 
additional supporting material of results mentioned above as well as possibly new information. 
Future measurements of MSE wall movements during annual inspections is recommended as 
well, since MSE wall tilting is occurring. 
 
A study of concrete shrinkage and creep is needed in order to better interpret strain readings 
taken following drilled shaft concrete placement. If this is better understood, the construction 
strain readings could be used to verify design loads and to make a better comparison to measured 
temperature induced strains. 
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